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This dissertation investigates wet-chemically synthesized atomically precise 
porous graphene nanoribbons (GNRs) exfoliated onto hydrogen passivated silicon 
H:Si(100) substrates using a dry contact transfer (DCT) method under ultrahigh-vacuum 
(UHV) conditions. The porous GNRs are characterized in UHV using scanning tunneling 
microscopy (STM) and scanning tunneling spectroscopy (STS). A unique electronic 
feature is observed at the pore sites in the STM topographic images. STS measurements 
indicate the presence of the pores significantly increases the bandgap compared to the 
surrounding GNR material. 
First-principles density functional theory (DFT) simulations are used to predict the 
band structure for the porous GNR. This is compared to theoretical simulations of the non-
porous GNR case in order to elucidate how the addition of the pore to the GNR affects the 
electronic structure. Experimental results and first-principles computation modeling were 
shown to be in good agreement. 
Atomically precise GNRs with strategically placed pores expand the possibilities 
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1.1 Background and Motivation 
The international semiconductor industry is entering an uncertain phase of Moore’s 
law. The well-known paraphrase of Moore’s law states that the number of transistors on a 
chip will double at a rate of every two years. However, the exponential growth of 
computing capabilities over the last half decade is not simply governed by transistor size. 
In fact, Gordan Moore’s paper in 1965 predicted that the number of electronic components 
in an integrated circuit would double every year for the next 10 years [1]. This includes 
resistors, capacitors, diodes as well as transistors. In 1975, Moore’s second iconic paper 
revised the prediction of doubling to every two years and would rely less on space reduction 
between components and more on the miniaturization of the transistor as circuit designs 
entered the digital age [2,3]. Furthermore, Moore recognized the economics of circuit 
integration underlying his prediction. Cost decreases as the number of components packed 
onto an integrated circuit increases but rises beyond a certain cost minimum point when 
defective chips wipe out neighboring chips [4]. 
Now, more than 50 years later, Moore’s law is once again challenged by device physics 
as silicon components reach the sub-7 nm node limit. Here, quantum effects govern the 
behavior of electrons resulting in unreliable transistor performance [5–7].  
Semiconductor industry leaders are looking to new materials with physical properties 




microprocessor performance [8]. New materials have to operate at least as fast as silicon 
but generate substantially less heat while minimizing leakage current. New material 
candidates must possess the capability of uniformity when manufactured as well as 
compatibility with existing CMOS technology. Spintronic materials address these 
requirements by switching electron spins instead of moving electrons [9–11]. Tunneling 
FETs embrace the quantum effects that limit silicon device performance at the sub-7 nm 
node scale [12]. 2D materials are advantageous candidates due to their inherent nanosized 
and extraordinary electrical properties. For example, the successful operation of MoS2 
transistors [13,14] and an MoS2 transistor with an effective gate length of 1 nm has been 
demonstrated [15]. Graphene, a 2D film of carbon atoms in a hexagonal lattice, possesses 
extraordinary electrical properties, however, the lack of a bandgap excludes this material 
from logic device applications. Graphene nanoribbons (GNRs) are atomically thin with 
widths on the nanometer scale that also possess remarkable electronic properties but have 
a tunable bandgap due to quantum confinement effects [12]. Carrier mobilities for GNRs 
are predicted in the range of 103-105 cm2/Vs with bandgaps ranging from 0.3 eV to greater 
than 2.8 eV [16,17]. GNRs afford the capability of atomically precise fabrication and are 
chemically inert unlike other 2D materials [18]. 
 
1.2 Scanning Tunneling Microscopy 
The year 1981 marked a critical turning point in the field of surface-sciences when 
atomic resolution of surfaces graduated from an idea to an indisputable reality with the 
invention of an instrument thought to have no hope for experimental implementation – the 




Division at the Zurich Research Laboratory recognized the need for a tool capable of 
measuring local inhomogeneities on surfaces [19]. What followed was the first 
demonstration of atomically resolved surfaces using their invention of the scanning 
tunneling microscope (STM) published in 1982 [20,21]. A year later and with a brief retreat 
into the Swiss mountains, Binnig and Rohrer wrote the first paper to demonstrate surface 
reconstruction with atomic precision of Si(111)-(7×7) [19,22].  
STM is well-suited for atomic resolution imaging of the topography and electronic 
structure of GNRs. The STM system used in this work operates under ultra-high vacuum 
and at room temperature. An atomically sharp metal tip is brought within tunneling range 
(~1nm) of a metallic or semiconducting surface. When a voltage bias is applied between 
the sample and tip, electrons tunnel through the finite potential barrier of vacuum [23]. 
Application of a negative bias with respect to the tip results in electrons tunneling from the 
filled states of the surface to the empty states of the metal tip. Positive bias reverses the 
direction of the tunneling electrons. The resulting tunneling current is exponentially 
dependent on the tip-sample separation distance as well as on the local density of states of 
the sample [19]. In constant current mode, the tip is rastered over the surface while the 
tunneling current is maintained by slight adjustments to the tip and sample separation using 
piezoelectronic material for refined movements. The height adjustments produce an 
atomically resolved 3D image of the surface-state topography [23]. 
The local electronic structure of the sample is resolvable with atomic precision using 
scanning tunneling spectroscopy (STS) [24]. The current-voltage (I-V) spectra are 
collected by maintaining a fixed distance between the sample and tip while measuring the 




local density of states (LDOS) of the substrate are obtained by calculating the normalized 
tunneling conductance (dI/dV)/(I/V) as a function of voltage V assuming a constant tip 
density of states. 
Current imaging tunneling spectroscopy (CITS) is a more detailed spectroscopy 
technique [25]. The I-V spectrum is taken at each pixel in the STM topographic image. The 
result is a deck of images of the calculated LDOS of the sample where each layer is at a 
different voltage bias. The combination of STM topography and spectroscopy provides 
insight to the spatial LDOS distribution of the sample. Low thermal drift is essential during 
the collection of CITS.  
 
1.3 Graphene Nanoribbons 
Graphene, a 2D monolayer of sp2-hybrized carbon atoms in a hexagonal lattice, 
possesses properties superior to those of other 2D materials. The first experimental 
isolation of a monolayer of graphene by Geim and Novoselov at Manchester University 
dispelled the long-held theory that 2D materials are thermodynamically unstable [26,27]. 
In fact, a myriad of interesting physics was observed after the mechanical exfoliation of 
graphene from its 3D parent graphite [28,29].  
Graphene is the strongest known material with intrinsic strength theoretically predicted 
greater than any other 2D material with a measured value of 130 ± 10 GPa [30]. The carrier 
mobility for mechanically exfoliated graphene on SiO2 measures up to 15,000 cm2/(V s) 
[26, 31–33]. Elimination of extrinsic disorder for graphene was shown to produce 
mobilities of approximately 2×105 cm2/(V s) at room temperature [34]. Suspended 




200,000 cm2/(V s) by the elimination of extrinsic scattering due to electron and phonon 
interactions [35]. Suspended graphene, however, is very fragile. By encapsulating 
graphene in hexagonal boron-nitride, mobility is still greater than 1×105 cm2/(V s) at room 
temperature [36]. 
Thermal conductivity for suspended graphene at room temperature is measured 
between 4840 and 5300 W/mK [37] compared to that of silver at 406 W/mK and copper at 
385 W/mK [38]. Optical absorbance of graphene is 2.3% rendering the material transparent 
[39]. The quantum Hall effect is observed at room temperature [32,40–44] and occurs at 
half-integer filling factors [31]. Furthermore, the extremely high carrier mobilities 
correspond to massless Dirac fermions with relativistic speeds [32]. 
These extraordinary electrical, thermal and mechanical properties result from the π-
conjugation out of plane. Covalent sp2 bonds in the hexagonal plane of graphene result 
from carbon hybridization of the s, px, and py atomic orbitals leaving the pz orbitals to 
project perpendicular to the main lattice [45]. The pz orbitals overlap enabling thermal and 
charge carriers to propagate. Low defect density scattering sites in high-quality graphene 
crystal lattices give rise to the high charge mobilities.  
Graphene’s inherent nanosized and extraordinary carrier properties make the material 
ideal for many devices including high-speed nanodevices, sensors and transparent 
electrodes. However, the highest occupied molecular orbital and the lowest unoccupied 
molecular orbital degenerately meet at the Dirac point with a linear k dispersion relation in 
the band structure due to the Dirac-like Hamiltonian periodic lattice potential and 




Dirac point renders graphene a zero-bandgap semimetal. In order for graphene to be 
applied to logic devices, a sizeable bandgap is required. 
Graphene nanoribbons (GNRs) are atomically thin ribbons of graphene with widths on 
the nanometer scale. Quantum confinement of graphene into a GNR opens a bandgap 
comparable to that of silicon. Bandgap refers to the energy gap between the bottom of the 
conduction band and the top of the valence band in the band structure. It is the energy range 
in which an electron state cannot exist. Confining a sheet of graphene to a nanoribbon 
introduces boundaries on a scale length comparable to the de Broglie wavelength of the 
electron wavefunction. Electron and hole carriers are spatially forced together resulting in 
discrete energy levels modeled as an infinite quantum well.  
Supposing the potential energy 𝑉𝑉(𝑥𝑥) = 0 inside the infinite quantum well of length 
𝑥𝑥 = 𝑎𝑎 and infinity outside the well.  
𝑉𝑉(𝑥𝑥) = � 0, 0 ≤ 𝑥𝑥 ≤ 𝑎𝑎∞, 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  










= − 𝑘𝑘2𝜓𝜓 
where  
𝑘𝑘 ≡  
√2 𝑚𝑚 𝐸𝐸
ħ  
The general solution for an infinite quantum well, corresponding to a 2D material 




𝜓𝜓(𝑥𝑥) = 𝐴𝐴 sin(𝑘𝑘 𝑥𝑥) + 𝐵𝐵 cos(𝑘𝑘 𝑥𝑥) 
Applying the boundary conditions that the wavefunction and its derivative are 
continuous reduces the general solution to: 
𝜓𝜓(𝑥𝑥) = 𝐴𝐴 sin(𝑘𝑘𝑛𝑛 𝑥𝑥) 
with distinct solutions occurring when 𝑘𝑘𝑛𝑛 =  
𝑛𝑛 𝜋𝜋
𝑎𝑎
 where 𝑛𝑛 = 1, 2, 3 …  
The possible values for the discrete energy levers are: 







Tight-binding calculations for GNRs are in agreement with the inverse relationship 
between bandgap and GNR width observed in the equation above [47,48]. Experimental 
work confirms that decreasing the GNR width from 90 nm to 15 nm opens the bandgap at 
least two orders of magnitude and provides evidence for the tunable nature of the GNR 
band structure with width [49].  
Engineering of GNR electronic properties is not limited to varying the width. Finite 
termination of GNRs creates boundary conditions dependent on the edge geometry and 
chemical termination. The result is tunability of the electronic properties based on the edge 
states.  
The orientation of the carbon lattice hexagons in the GNR gives rise to two achiral edge 
geometries. These are the zigzag edge (zGNR) and the armchair edge (aGNR). Theoretical 
tight binding calculations predict zGNRs to exhibit half-metallic behavior under an applied 
external electric field along the zigzag edge [50] and interesting localized edge states that 
exponentially decay towards the center of the GNR [48,50]. The zGNR edge states give 




This is due to the zigzag edge creating interactions between electrons that create magnetic 
ordering [52].  
GNRs with armchair edge geometry exhibit semiconducting behavior depending on the 
number of carbon atoms comprising the width. Armchair GNRs are categorized into three 
families: N = 3m, 3m+1 and 3m+2 where N is the number of carbon atoms across the width 
and m is an integer. The first two families of aGNRs exhibit semiconducting behavior with 
a bandgap inversely proportional to the width [47]. The third family is predicted to exhibit 
metallic behavior, however, experimental work confirms the opening of a small bandgap 
due to changes in bond lengths at the GNR edge [52]. However, all GNRs with widths less 
than 10 nm are predicted to exhibit semiconducting behavior due to edge effects and 
quantum confinement [53, 54], except for the N = 5 aGNRs of the third family on a noble 
metal surface which show metallic behavior [55]. 
 
1.4 GNR Synthesis Techniques 
GNR synthesis has two approaches: top-down and bottom-up fabrication methods. In 
top-down synthesis, GNRs are patterned out of a sheet of graphene. Bottom-up synthesis 
fabricates GNRs using molecular building blocks. Early top-down methods involved 
micromechanically extracting graphene from graphite, followed by oxygen plasma 
lithography of the graphene into GNRs [49]. STM lithography and e-beam lithography 
have both been utilized to cut a GNR from a sheet of graphene [56,57]. Thermally activated 
nanoparticles provide catalytic cutting effects in graphene to form GNRs [58]. Chemical 
vapor deposition (CVD) demonstrated high quantities of multilayer graphite ribbons with 




The strong influence of GNR geometry and edge termination on the quantum effects in 
the electronic properties requires atomically precise fabrication for nanodevice 
applications. GNRs fabricated with these methods exhibit irregular widths and geometry 
producing rough edges that scatter carriers. Despite more recent work demonstrating 
atomically pristine suspended GNRs created using AC-TEM [62] and advanced direct self-
assembly lithography techniques resulting in GNRs with widths less than 10 nm [63], 
scalability is another critical feature necessary for GNR nanodevices. 
Unzipping carbon nanotubes (CNT) is a bottom-up approach that provides control over 
the smoothness of the resultant GNR. This is achieved via a chemical reaction [64,65] or 
passing high electric current through the CNT [66]. Theoretical work predicts epoxidation, 
the breakage of carbon-carbon double bonds using a reagent, followed by breakage into 
carbonyl pairs happens in a line [64,67,68]. Experimental work confirms the expected 
smooth GNR edges resulting from the CNT unzipping chemical reaction [64]. This 
approach does not provide atomic control in the GNR geometry.  
Fabrication of atomically precise GNRs with widths less than 10 nm was first 
demonstrated in 2010 by Cai et al. [18]. Precursor molecules are deposited onto a gold 
substrate followed by a two-step thermal activation process. Surface-assisted coupling and 
a first thermal annealing induces dehalogenation and polymerization of the precursor 
molecules followed by a second higher-temperature annealing resulting in 
cyclodehydrogenation into atomically precise GNRs. Atomically precise engineering of 
GNR structure was demonstrated using two different precursor molecules. DBBA (10,10’-
dibromo-9,9’-bianthryl) precursor molecules result in N=7 armchair GNRs and 6,11-




alternating widths of N = 6 and N = 9 carbon atoms. Both types of GNRs are chemically 
inert under ambient conditions as confirmed via Raman spectroscopy.  
Wet-chemical synthesis is another atomically precise bottom-up fabrication process 
that mitigates the problem of noble metal incompatibly with CMOS technology. The 
catalyst-free chemical synthesis of GNRs is demonstrated using carbon nanorods and a 
subsequent sonochemical treatment. However, the resulting ribbons have thicknesses in 
the range of 2 – 6 layers [69].  
Vo et al. demonstrated the synthesis of atomically smooth armchair edge GNRs with 
widths of 1 nm and lengths greater than 100 nm via wet-chemical synthesis. The process 
utilizes Ni0-mediated Yamamoto coupling and cyclodehydrogenation of precursor 
molecules using iron (III) chloride in a Scholl reaction [70]. The result is gram quantities 
of atomically precise GNRs in powder form. Characterization of the wet-chemical 
synthesized GNRs reveals chemical inertness under ambient conditions and a bandgap of 
1.3 eV; both features are critical for logic device applications. 
 
1.5 GNR Engineering  
Changing precursor molecules enables a wide range of engineering the electronic 
properties of GNRs with atomic precision. Different bandgap values are demonstrated with 
the fabrication of armchair GNRs on noble metal surfaces. Widths achieved via on-surface 
polymerization and cyclodehydrogenation include N = 5, 7, 9, 13, 14 GNRs [55,18,71–74]. 
Zigzag GNRs are more difficult to fabricate with surface assisted synthesis due to monomer 
polymerization preferring the armchair direction. N = 9 zigzag GNRs are achieved using 




during the polymerization step to overcome the armchair direction preference [75]. STM 
confirmed the theoretically predicted large energy splitting and edge-localized spin states 
due to the zigzag geometry [75,47,48,76–79]  
Precursor ingenuity extends to the use of three-dimensional polyphenylene molecules 
in surface-assisted cyclodehydrogenation to create cove shaped GNRs with bandgaps of 
1.70 eV, widths of 0.9 nm and lengths up to 20 nm [80]. The cove shape geometry creates 
bandgaps less than armchair GNRs of the same length. Chiral (3,1) GNRs are achieved 
using 2,2’-dibromo-9,9’bianthracene precursor molecules and surface-assisted 
cyclodehydrogenation independent of substrate as is demonstrated using Au(111), Ag(111) 
and Cu(111) [81]. Interestingly, chiral (3,1) GNRs are also achieved in a substrate specific 
case using precursor molecules designed to produce armchair GNRs on Cu(111) [82,83]. 
GNR chirality is predicted to create magnetic structures [84] and edge states not present in 
armchair GNRs [47,52,85–87]. 1D edge states are observed using STM of wet-chemically 
synthesized CNTs unzipped to form chiral GNRs [76]. 
Further engineering of structure has the capacity to create armchair GNRs with quasi-
1D trivial and non-trivial electronic quantum phases necessary for superconductivity [88]. 
Ferromagnetism and spin-filtering properties are predicted in GNRs with magnetic edges 
and demonstrated using nitronyl nitroxide radicals [89].  
Using more than one type of precursor molecule during polymerization and 
cyclodehydrogenation enables width-modulation of GNR structures. GNR heterostructures 
provide the bandgap variation of traditional semiconductor heterostructures without 
threading dislocations due to lattice mismatch. Atomic precision tuning of the material 




speed devices and opto-electronics [90]. Computational work demonstrated GNR 
heterojunctions with armchair segments varying in width have the capacity for single-
photon emission applications [91] and superlattice structures [92].  
Controllable cyclodehydrogenation of polyanthrylene chains on Au(111) and bottom-
up synthesis of armchair GNR heterojunctions with width segments of N = 7 and N = 13 
show modulation in the electronic structure [93,72]. Heterojunctions with armchair and 
zigzag segments are demonstrated with first-principles calculations revealing 
semiconducting or metallic behavior depending on the ribbon width [94]. Behavior similar 
to traditional p-n junctions was engineered using precursor molecules designed for p-type 
GNRs and n-type GNRs in a bottom-up fabrication of heterojunctions [95]. 
Doping GNRs is another avenue for engineering diverse electronic properties. Edge 
doping with boron introduces ferromagnetism into the ground state of zGNRs [46]. Edge 
doping with nitrogen introduces electrons to the system and creates an antiferromagnetic 
ground state [46]. Calculations using non-equilibrium Green’s functions indicated carrier 
mobility scaling inversely proportional to edge doping concentration for GNRs greater than 
4 nm wide [96]. Atomically controlled doping of GNR centers with boron in ribbons with 
widths of N = 7, 14, and 21 indicated bandgaps comparable to pristine GNRs [97]. These 
results are in agreement with theoretical work predicting dopants at the GNR edge having 
the maximum effect on the electronic structure and dopants at the GNR center having the 
minimum effect [98]. Modification in GNR structure using sulfur doping at N = 13 GNR 





Surface-assisted bottom-up fabrication of nitrogen edge doped GNRs demonstrated a 
linear shift in the band structure, electron mobility increasing and hole mobility decreasing 
all of which are characteristic of n-type doping [100,101]. In 2014, Vo et al. achieved large 
scale fabrication of nitrogen doped GNRs with a novel wet-chemical synthesis approach 
via Yamamoto coupling [102]. 
Wet-chemical solution synthesis has been demonstrated as a versatile method for 
engineering the GNR geometry. Chevron GNRs on H:Si(100) exhibit a larger bandgap than 
on Au(111) due to a decreased screening effect from the substrate [17]. Laterally extended 
chevron GNRs have improved electrical conductivity and a decrease in bandgap [103].  
These advances in atomic precision engineering of GNR structure and electronic 
properties have already been applied to device fabrication. Bottom-up synthesis of N = 9 
and N = 13 armchair GNRs are demonstrated as effective channel materials for field-effect 
transistors with a high on-current (Ion > 1 µA at Vd = – 1V) and high Ion/Ioff ~ 105 at room 
temperature [104]. 
 
1.6 Dry Contact Transfer of GNRs 
One of the major challenges for studying GNRs is a clean transfer process onto 
semiconductor substrates. Wet transfer methods are known to leave residual contaminants 
detrimental to the electronic properties of the device [104,105]. In 2018, Ohtomo et al. 
demonstrated an etching-free and iodine-free transfer method of GNRs from the Au(788) 
polymerization surface to SiO2 substrates via mechanical delamination [106]. Highly 
aligned arrays of armchair GNRs are achieved on the insulating substrate due to a 




Wet chemically synthesized chevron GNRs demonstrated the effectiveness of the dry 
contact transfer (DCT) method developed by the Lyding group [17]. The DCT method was 
first used for single-walled carbon nanotubes on hydrogen passivated Si(100) under ultra-
high vacuum [105]. DCT has also proved effective for the transfer of graphene nanoflakes 
onto hydrogen passivated silicon H:Si(100) under ultra-high vacuum [107]. Semiconductor 
surfaces are necessary in order to correctly characterize the electronic properties of GNRs 
and other nanomaterials.  
In DCT, nanomaterials in powder form are applied to fiberglass applicator ex situ. The 
applicator is then degassed in situ to remove atmospherics and solvent molecules for a 
minimum of 8 hours. After degassing, the DCT applicator is pressed against the 
semiconductor surface thereby transferring the nanomaterials with minimal residue. 
Experiments using the DCT method of the chevron GNR resulted high resolution 
characterization of the topography and electronic structure of the GNR [17]. 
 
1.7 Thesis Statement and Dissertation Structure  
This dissertation explores the unique electronic features characteristic of wet-
chemically synthesized atomically precise porous graphene nanoribbons (GNRs). The 
GNRs are exfoliated onto atomically clean H:Si(100) substrates using the dry contact 
transfer (DCT) process under ultrahigh-vacuum (UHV) conditions. Atomic-resolution 
STM measurements confirm the trapezoidal geometry of the GNR and indicate a unique 
electronic feature at the pore sites. Intuition would suggest the atomically precise pores 
appear as ‘depressions’ in the STM topographic image due to the missing benzene ring in 




A voltage bias effect is observed. Decreasing the absolute value of the applied bias 
voltage results in a semi-transparency effect of the underlying H:Si(100) substrate through 
the bulk GNR material as well as turning the protrusions on and off at the pore sites with 
reproducibility and reversibility. 
STS measurements indicate a significant increase in bandgap due to the presence of the 
pores compared to the surrounding bulk GNR material. Density functional theory (DFT) 
simulations are used to elucidate the unique electronic features of the porous GNR. 
Chapter 2 includes a discussion of the experimental setup, a discussion on the physics 
behind the operation of the STM, and a discussion on the physics of orbitals.  
Chapter 3 presents the STM characterization of porous GNRs transferred via DCT onto 
hydrogen passivated silicon H:Si(100) substrates. The effect of the applied bias voltage on 
the STM topographic data is included as well as height characterizations of the protrusions 
at the pore sites and the bulk GNR material. Questions raised from these experimental 
measurements are summarized in section 3.4. 
Chapter 4 presents the electronic characterization of the porous GNR using scanning 
tunneling spectroscopy (STS) and current imaging tunneling spectroscopy (CITS). 
Questions raised from these experimental measurements are summarized in section 4.6. 
Chapter 5 provides explanations for the questions raised in sections 3.4 and 4.6 on the 
experimental measurements. The physics discussions in chapter 2 are necessary 
background information for the explanations in chapter 5. Theoretical DFT measurements 
are used for comparison. 
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2.1 Introduction to Graphene Nanopores 
Graphene nanopores are of considerable interest for desalination and DNA sequencing 
due to the capability for transporting single molecules and ions. Nanopores, nanosized 
holes in thin films, have already demonstrated efficacy for detecting biopolymers [10–12]. 
Electrophoresis promotes translocation of the biopolymers, such as DNA and RNA strands, 
through the voltage-biased nanopore where a unique blockage in the current occurs based 
on the characteristics of the molecule. The length and diameter of molecules passing 
through the pore are proportional to the transient in ionic current [1]. Early experiments 
using silicon oxide nanopores observed the isolated transients in current flow and revealed 
the folding configuration of double-stranded DNA [2]. However, hydrodynamic drag 
outside of the silicon oxide pore dominantly reduces double-stranded DNA throughput for 
long strands described by power-law scaling [3].  
Solid-state nanopores have the additional disadvantage of membrane thicknesses on 
the scale of tens of nanometers. Single base resolution sequencing of DNA requires 
membrane thicknesses less than the distance between bases of 0.5 nm. Graphene nanopores 
circumvent the disadvantages of solid-state pores. Graphene is an atomically thin 
membrane, with thickness of 0.335 nm [4], is an excellent conductor [5] and remains 
durable under free-standing conditions [6]. Theoretical calculations predict single base 




nanopores [7–9]. Garaj et al. devised a graphene trans-electrode experimentally validating 
single molecule detection while considering cation-graphene interactions [10]. Schneider 
et al. and Merchant et al. independently demonstrated single-molecule DNA translocation 
through graphene nanopores [11,12]. 
Graphene nanopores fabricated using an electron microscope with size comparable to 
the diameter of double-stranded DNA yield extremely sensitive nanopore detectors capable 
of nanometer-scale resolution of molecules functionalized on the double-stranded DNA 
[13]. First-principles calculations predict unique signatures in blocking the ionic current 
corresponding to the different nucleobases using graphene nanopores [8]. Further 
improvements in graphene nanopore detectors include using extended line defects in 
graphene to improve single-base DNA resolution [14]. Even the challenging task of protein 
sequencing is achievable using graphene nanopores as demonstrated using theoretical 
calculations [15]. Amino acid type, dimension, conformation and charge state are 
discernable by the pulling forces in addition to current blockages. Despite these advances 
in DNA sequencing, atomically precise graphene nanopores are necessary for solid-state 
devices with single-base resolution. 
In addition to biopolymer detection, graphene nanopores are ideal for filtration due to 
the material’s ability to transport fluids and ions with minimal resistance [16] and with 
flow rates orders of magnitude greater than the commercial reverse osmosis membranes 
[17,27]. Functionalized graphene nanopores have been shown as highly selective filters for 
anions and cations, depending on the charge of the functionalized atom [18]. Rollings et 
al. demonstrated that functionalized graphene pores enable high throughput and high 




delineated high ion selectivity with nanopores of 3.5 nm in size utilizing surface charge in 
the nanopore by means of large-scale molecular dynamics simulations [20]. Surface 
nanobubbles near the graphene nanopore have also been reported as the mechanism behind 
high selectivity for K+ cations compared to divalent cations [21]. In 2019, Yang et al. used 
graphene nanopores to achieve 95% salt rejection and confirmed the advantage of 
atomically controlled nanopores to achieve greater than 99% desalination [22,23]. These 
works attest to the unique opportunities that graphene nanopores provide in engineering 
electrodialysis desalination. 
Top-down approaches for fabricating graphene nanopores include: electric-pulse 
fabrication [16], electron-beam lithography [10–13, 26], plasma exposure, and helium ion 
microscope drilling [21]. These approaches result in nanopores with rough edges that are 
not uniform or well controlled. Bottom-up fabrication on Au(111) has demonstrated atomic 
control for fabricating graphene nanopores [24]. However, a bottom-up wet chemical 
synthesis of graphene nanoribbons (GNRs) provides a fabrication avenue for atomically 
precise graphene nanopores without the use of Ullmann coupling on the Au(111) surface. 
Avoiding the use of Au(111) for the fabrication for GNRs is ideal because Au(111) is not 
compatible with CMOS technology fabrication processes. In this study, the wet chemical 
synthesis of the GNRs results in a powder form that is then directly transferred onto 
semiconducting hydrogen passivated silicon substrates H:Si(100) using the dry contact 
transfer (DCT) method [25]. Atomically precise porous GNRs are a new chemically 
synthesized variation for which the fabrication procedure yields multiple pores in a single 
ribbon. The electronic details of these wet chemically synthesized porous graphene 




STM imaging confirms the expected porous structure and indicates a unique electronic 
feature at the graphene nanopore sites. Intuition suggests nanopores appearing as 
depressions in the STM topographic images due to the missing carbon atoms. However, 
STM indicates an electronic feature, known as ‘protrusions’, at the pore sites. STM 
spectroscopy measurements indicate a 1.62 ±  0.11 eV bandgap in the bulk GNR and a 2.50 
± 0.02 eV bandgap at the pores. These results are compared to first-principles density 
functional theory (DFT) simulations. GW correction shows a 2.89 eV bandgap. 
Illumination of pore effects in GNRs contributes to an increased understanding of the 
tunability of GNR electronic structure.  
 
2.2 Porous GNR Synthesis Details  
The wet chemical synthesis procedure of the porous GNRs for this study was carried 
out by Professor Alexander Sinitskii’s group at the University of Nebraska-Lincoln. The 
precursor molecule used is 2-([1,1’:4’,1”:4”,1”’-quaterphenyl]-2”-yl)-6,11-dibromo-1,4-
diphenyltriphenylene. Porous GNRs resemble straight N = 15 armchair GNRs with the 
removal of a carbon atom on alternating sides. The C–C bond length in graphene is 0.14 
nm resulting in an expected width of 1.72 nm for the porous GNR. Pores are expected on 
alternating sides of the GNR with periodicity of 1.70 nm. Figure 2.1a is the schematic of 
the precursor molecule and the geometry of the resultant porous GNR in Figure 2.1b. 
Figure 2.1c is a schematic with four pores and the hydrogens included. The carbon atoms 
are gray and the hydrogen atoms are white. 
The wet-chemical synthesis yields large quantities of porous GNR powder. A fiberglass 




tip carrier (Figure 2.2b) and degassed in UHV conditions at 300 – 500 °C for 8 – 16 hours 
in order to remove residual solvents and atmospherics from the applicator preparation 
process. Clean transfer of the porous GNRs onto the prepared H:Si(100) substrates is 
achieved by stamping the DCT applicator against the substrate surface under UHV 
conditions at room temperature. Figure 2.3 is a schematic rendering of the DCT process. 
On the left of the image is the STM sample holder with a mounted silicon sample in contact 
with the DCT fiberglass applicator. Once in the UHV STM chamber, the sample holder is 
moved around by picking up the knob seen on the STM sample holder on the far left. Figure 
2.4 is a 3D schematic rendering of a porous GNR (blue) on hydrogen-passivated silicon, 
H:Si(100), (gray) and a tungsten STM tip approaching tunneling range (black). 
 
2.3 Sample Preparation Details 
Hydrogen passivated silicon, H:Si(100), is an ideal surface for studying GNRs due to 
its inert nature and easy preparation. The GNRs we study are expected to have bandgaps 
greater than silicon’s bandgap of 1.1 eV. This expectation is based on the knowledge that 
the chevron GNR has a measured bandgap of 2.85 eV [17] and the fact that the porous 
GNR is structurally equivalent to the chevron GNR except that the elbows of the chevron 
GNR are connected by an extra C–C bond in the porous GNR case. If the porous GNR has 
a bandgap greater than the H:Si(100) substrate, then we are able to easily distinguish 
between the electronic states for the GNR and the electronic states for the H:Si(100) 
substrate. 
The silicon wafers used are p-type boron-doped with a sheet resistance of 0.01 – 0.02 




scribe and mounted to the sample holder as seen in Figure 2.6. Tantalum foil is used around 
the edges of the H:Si(100) substrate to ensure current will flow evenly through the sample 
when the sample holder is attached to the dipstick in the preparation chamber during the 
heating process. 
 H:Si(100) is prepared by first degassing Si(100) substrates at 600 °C for 8−16 hours 
until the preparation chamber returns to its base pressure. The sample is then cooled to 
room temperature and flashed at 1200 °C for 5−30 seconds three times. Finally, the sample 
is held at 377 °C and is exposed to 1200 Langmuirs of atomic hydrogen. Atomic hydrogen 
is achieved by heating a tungsten “cracking” filament to 1550 °C and flooding the 
preparation chamber with molecular hydrogen H2 until the base pressure reaches 2.0 × 10−6 
Torr. When the molecular hydrogen hits the cracking filament, the result is atomic 
hydrogen that can attach to the dangling bonds on the silicon substrate. The dangling bonds 
on the silicon substrate are created during the flashing steps of the passivation procedure. 
The amount of current required through the silicon sample corresponding to 377 °C is 
determined during a calibration step in between the first and second flashes. Figure 2.7 is 
of the sample holder mounted on the dipstick with the tungsten cracking filament glowing 
hot at 1550 °C during the hydrogen passivation step. After the H:Si(100) sample has 
cooled, the smooth condition of the surface is confirmed with STM topographic imaging. 
 
2.4 Experimental Setup 
STM imaging of porous GNRs on H:Si(100) is achieved using a Lyding style STM 
[29] operating under ultra-high vacuum with base pressure of 2 × 10−11 Torr. A constant 




voltages with respect to the sample are used during STM and STS measurements. See 
section 2.5 for a further definition of applied bias voltage with respect to the sample. 
Figure 2.8 is of the Lyding style STM chambers used during these experiments. The 
entire footprint of the chamber is approximately 6ft × 8ft and takes up a vertical height of 
at least 9ft. The ‘load lock’ is used for loading samples and tips. It operates between 
atmospheric pressure down to 1 × 10−6 Torr using a roughing pump and a turbo pump. The 
tips and samples are transferred into the first UHV chamber, called the ‘preparation 
chamber’. Degassing of the tips and hydrogen passivation of the H:Si(100) samples take 
place in the preparation chamber. The pressure operates between 1 × 10−8 Torr and 
1 × 10−10 Torr. The pressure of 1 × 10−8 Torr is due to degassing of atmospherics and 
flashing the H:Si(100) at high temperatures. After tip and sample preparation, and once the 
pressure of the preparation chamber is back down to a base of at least 5 × 10−10 Torr, the 
tip and sample are transferred to the ‘STM chamber’. This last chamber operates with base 
pressure of 2 × 10−11 Torr. 
Field-directed sharpened tungsten STM tips from TipTek are used during the STM 
imaging and spectroscopy experiments. The tips are created by first electrochemical 
etching of tungsten wire and then exposing the tip to an electric field. Figure 2.9 is an SEM 
image of a TipTek tungsten tip after it has been used for scanning. Tips are degassed in 
situ in the UHV preparation chamber at high temperatures for approximately 12–16 hours. 
Degassing the tips is necessary to remove atmospheric residues that limit the resolution of 
scanning and can contaminate the experiment. 
Scanning tunneling spectroscopy (STS) is collected in variable spacing mode (dS = −2 




current due to changes in the tip–sample separation [28]. Section 2.5 discusses the physics 
of the STM operation and the ex situ and in situ treatment of tips. TipTek was cofounded 
by Professor Joseph Lyding, Professor Gregory Girolami and Dr. Scott Lockledge. 
Tip conditioning in situ after tunneling is established includes: 
1. Scanning large areas (scan length = 100 – 200 nm over 400 matrix points) for long 
periods of time (10 minutes, and repeat over same area) of clean H:Si(100) substrate 
2. Controlled tip touches onto the substrate. This controlled collision occurs during a scan 
where a pulse of voltage is applied between the tip and sample while the tip approaches 
the sample. A typical setting is 8 Å towards the surface, over 0.1 seconds, with applied 
voltage of – 3 to – 5 V with respect to the sample (electrons are flowing from the filled 
states in the sample to the empty states in the tip) 
3. Field emission with a high voltage and then resuming scanning at normal settings in 
another region. For example, the applied bias voltage is set to +8 V, brought within 
field emission range (what we call ‘homing in’ in the Lyding group) for 5 minutes. 
Electrons are field emitted from the filled states of the tip into the empty states of the 
sample at +8 V. Sometimes, this allows junk to deposit off of the tip. Normal scanning 
(tunneling) conditions are resumed in a new area. 
4. Switching the polarity of the applied bias voltage between scans (scanning at – 2 V and 
+2 V, etc.) 
5. Nanolithography (depassivation of hydrogen atoms off of the H:Si(100) surface). This 
procedure uses high voltages (5 V or 7 V compared to typical scanning at – 2 V) and 
sometimes allows junk to deposit off of the tip. 




2.5 Physics of STM Operation 
STM is well-suited for atomic resolution imaging of GNRs. The STM used in this work 
operates under ultra-high vacuum and at room temperature. The main components of the 
STM are seen in Figure 2.10. A tungsten tip is attached to a piezoelectric transducer that is 
capable of three-axis motion. Applying a voltage to the piezoelectric transducers expands 
or contracts the piezo material, based on the voltage sign, allowing for refined movements 
of the STM tip in the x, y and z directions. The tungsten tip is brought within tunneling 
range (~1nm) of a metallic or semiconducting surface. When a voltage bias is applied 
between the sample and tip, electrons tunnel through the finite potential barrier of vacuum 
with the net tunneling occurring in a preferential direction depending on the sign of the 
applied bias voltage [23].  
The direction of tunneling electrons depends on the polarity of the applied bias voltage. 
The STM in this work follows the most widely used convention: the STM tip is used as 
virtual ground [34]. Therefore, the applied bias voltage is to the sample. For a positive 
applied bias voltage 𝑉𝑉 > 0 the electrons tunnel from the filled states in the tip into the 
empty states of the sample. A negative applied bias voltage 𝑉𝑉 < 0 reverses the direction 
of tunneling electrons; they now tunnel from the filled states of the sample into the empty 
states of the tungsten tip. Figure 2.11 illustrates the direction of the tunneling electrons 
based on the sign of the applied bias voltage. 
In constant current mode, the tip is raster scanned over the surface in the x and y 
directions by the applying voltages to the x and y piezodrives. A current amplifier converts 
the tunneling current resulting from the applied sample bias to a voltage. This voltage value 




z piezodrive in order to maintain the constant tunneling current value. Adjustments using 
the z piezodrive are adjustments to the tip-sample separation distance.  
The feedback loop is a ‘negative feedback’. If the measured tunneling current is greater 
than the set reference value, 𝐼𝐼𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  > 𝐼𝐼𝑚𝑚𝑚𝑚𝑠𝑠, the tip is pulled away from the surface. If 
the measured tunneling current is less than the set reference value, 𝐼𝐼𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  < 𝐼𝐼𝑚𝑚𝑚𝑚𝑠𝑠, the 
tip is moved closer to the surface. The resultant gray-scale STM image displayed on the 
computer monitor is, therefore, a contour plot of the local density of states (LDOS) at the 
Fermi level at the center of the tip from which the curvature radius is measured. Figure 
2.12 is an example STM topographic image that is displayed on the computer monitor. The 
gray scale is set using an orange color. Low levels of the local density of state appear as 
black and high levels of local density of states appear as white. The color height scale 
values are set relative to the black pixels. Height measurements are calculated from the top 
of the H:Si(100) dimer row undulations that appear in a height contour plot. The ordered 
alignment of the black spots is likely due to nickel contamination. Nickel contamination 
can occur when the silicon sampled comes in contact with stainless steel before entering 
the UHV system. 
‘Protrusions’ appear as bright features in the STM topographic image due to the tip 
retracting away from the H:Si(100) substrate in order to maintain constant tunneling 
current. ‘Depressions’ appear as dark regions in the STM topographic image due to the low 
contributions of the LDOS to the tunneling current. The term ‘height’ is defined as the 
measured z value using the substrate surface as the ‘zero height’ reference value. In this 
work, we are interested in the ‘GNR height’ with respect to the H:Si(100) substrate and the 




Since we are working at the atomic level, ideas like ‘top of the H:Si(100) substrate’ 
and ‘point of the tungsten tip’ and ‘tip-sample distance’ need precise definitions. One 
definition of the tip-sample distance is the measure from the nucleus of the silicon atoms 
in the top layer of the H:Si(100) substrate to the nucleus of the tungsten atom at the apex 
of the STM tip. However, this definition does not capture the subtle effect tip-sample 
separation distance can have when observing GNRs on the H:Si(100) substrate. Since the 
GNRs are not covalently bonded to the H:Si(100) substrate, the attractive and repulsive 
forces have the possibility to displace the GNR. Furthermore, this type of distance is not 
verifiable with experimental measurements. 
There exists an equilibrium distance 𝑧𝑧𝑚𝑚 at which the internuclear force between the tip 
apex and top-most atom on the sample is zero. If the tip-sample distance is greater than the 
equilibrium distance, 𝑧𝑧 > 𝑧𝑧𝑚𝑚 then there is an attractive force. If the tip-sample distance is 
less than the equilibrium distance, 𝑧𝑧 < 𝑧𝑧𝑚𝑚 then there is a repulsive force. 
Different theories were developed to describe the tunneling phenomenon. Bardeen 
developed a first-order perturbation theory to describe tunneling phenomenon in his work 
with superconductivity [36]. It is Bardeen’s theory for tunneling that is most widely used 
for describing the phenomenon in STM experiments. Here, we will discuss the basics of 
tunneling in order to have a basic understanding of the phenomenon.  
Atomic resolution using an STM is possible because the orbital of the tip overlaps the 
orbital of the sample resulting in the convolution of tip and sample density of states (DOS). 
The distinction between ‘orbitals’ and ‘wavefunctions’ is as follows: a wavefunction is a 




discussions, however, this is expressed in mathematical terms as the overlap of the 
wavefunctions. 
The electron in a three-dimensional potential 𝑈𝑈(𝒓𝒓) satisfies the following equation 
when considering classical mechanical systems: 
𝑝𝑝2
2 𝑚𝑚
+  𝑈𝑈(𝒓𝒓) = 𝐸𝐸 
 
where 𝑚𝑚 is the electron mass, 𝐸𝐸 is the energy, 𝒓𝒓 is the position vector, and 𝑝𝑝 =
 �2 𝑚𝑚 (𝐸𝐸 − 𝑈𝑈(𝒓𝒓)) is the momentum of the electron in regions where 𝐸𝐸 > 𝑈𝑈(𝒓𝒓). This is 
the classical equation for the conservation of energy of a system. In the classical case, the 
electron cannot exist in the potential barrier which corresponds to energy values of 𝐸𝐸 <
𝑈𝑈(𝒓𝒓). 
One of the main distinguishing features of quantum mechanics from classical 
mechanics is that electrons can exist in the potential barrier and can move through potential 
barriers with finite width. This phenomenon is known as tunneling.  
In order to describe the phenomenon of tunneling, quantum mechanics uses the 
wavefunction to describe the wave-particle nature of the electron and the Schrödinger 
equation to describe the conservation of energy of the system at the quantum level. The 





Ψ(𝒓𝒓, 𝑡𝑡) =  �
− ℏ2
2 𝑚𝑚





where ℏ is Planck’s constant, 𝑚𝑚 is the electron mass, ∇2 is the Laplacian operator, and 
𝑈𝑈(𝒓𝒓, 𝑡𝑡) is the potential.  
Tunneling is described using the model of an electron in a potential well separated by 
a finite potential barrier to another potential well (Figure 2.13). The potential wells 
represent the electronic states in the STM tip and the sample of which is being scanned. 
The ‘classically allowed’ region refers to inside the potential wells where 𝐸𝐸 > 𝑈𝑈(𝒓𝒓). The 
‘classically forbidden’ region refers to inside the finite potential barrier 𝐸𝐸 < 𝑈𝑈(𝒓𝒓). The 
finite barrier for the STM is the vacuum space between the STM tip and sample. The end 
wall barriers of the STM tip potential well and sample potential well are considered infinite, 
therefore, all of the tunneling is occurring in the vacuum space. 
We will simplify this discussion of tunneling in the STM by considering a time-
constant one-dimensional potential 𝑈𝑈(𝒓𝒓, 𝑡𝑡) = 𝑈𝑈(𝑧𝑧) and by considering the one-
dimensional time-independent case (tunneling in the z-direction) Ψ(𝒓𝒓, 𝑡𝑡) =  𝜓𝜓(𝑧𝑧). The 







 𝜓𝜓(𝑧𝑧) + 𝑈𝑈(𝑧𝑧) 𝜓𝜓(𝑧𝑧) = 𝐸𝐸 𝜓𝜓(𝑧𝑧) 
 
The wavefunction solutions to this one-dimensional time-independent Schrödinger 
equation are: 
Classically allowed region: 
𝜓𝜓(𝑧𝑧) =  𝜓𝜓(0)𝑒𝑒±𝑖𝑖𝑖𝑖𝑖𝑖 





𝑘𝑘 =  
�2 𝑚𝑚 (𝐸𝐸 − 𝑈𝑈)
ℏ
 
The classically forbidden region solution for an electron moving in the + z direction: 
 
𝜓𝜓(𝑧𝑧) =  𝜓𝜓(0)𝑒𝑒−𝜅𝜅𝑖𝑖 
where the decay constant kappa is: 
 
𝜅𝜅 =  
�2 𝑚𝑚 (𝐸𝐸 − 𝑈𝑈)
ℏ
 
The wavefunction in the classically allowed regions are sinusoidal solutions whereas 
in the classically forbidden region, the solution is an exponential decay as seen in Figure 
2.12. Due to this exponential decay, an equivalent statement is to say the resulting tunneling 
current from the applied sample bias is exponentially dependent on the tip-sample 
separation distance as well as on the local density of states of the sample [16]. This is 
because the tip-sample separation distance determines the width of the finite vacuum 
barrier for the electrons to tunnel through and the LDOS of the sample is equivalent to 
saying how many spots are available for the electrons to tunnel into (the electrons need 
somewhere to go once they tunnel through the barrier).  
Now that we understand the concept of tunneling, we will next examine the effect of 
an applied bias voltage to the net tunneling for the scenario of a metal tip separated from 
the surface by a vacuum barrier. 
This description uses one-dimensional square potential wells to describe the metal tip 




For the tip potential well, the potential energy 𝑈𝑈(𝑧𝑧) = 0 inside the quantum well of 













= − 𝑘𝑘2𝜓𝜓 
 
where 




The general solution for the one-dimensional quantum well is: 
 
𝜓𝜓(𝑧𝑧) = 𝐴𝐴 sin(𝑘𝑘𝑧𝑧) + 𝐵𝐵 cos(𝑘𝑘𝑧𝑧) 
 
Applying the boundary conditions at 𝑧𝑧 = 0 and 𝑧𝑧 = 𝑎𝑎 that the wavefunction and its 
derivative are continuous and zero at the boundaries, the general solution reduces to: 
 
𝜓𝜓(𝑧𝑧) = 𝐴𝐴 sin(𝑘𝑘𝑛𝑛𝑧𝑧) 
where 𝐴𝐴 is the wavefunction amplitude and 𝑘𝑘𝑛𝑛 =  
𝑛𝑛 𝜋𝜋
𝑎𝑎
  for 𝑛𝑛 = 1, 2, 3, etc. The one-













where 𝑛𝑛 describes the 𝑛𝑛-th wavefunction and is the same 𝑛𝑛 as the principle quantum 
number when discussing orbitals (see sec. 2.6). This wavefunction is normalized within the 














When there is no applied bias voltage between the tip and sample, the net tunneling 
current is zero due to the Fermi level energies lining up at 𝜀𝜀𝐹𝐹. The vacuum barrier height 
is the work function 𝜙𝜙, defined as the minimum amount of energy to remove an electron 
from the tip bulk material to the vacuum level. 
When a negative bias is applied to the tip with respect to the sample, the tip Fermi level 
drops to 𝜀𝜀𝐹𝐹 − 𝑒𝑒𝑉𝑉 where −𝑒𝑒𝑉𝑉 is the applied bias voltage. Now there are available states in 




The transmission coefficient 𝑇𝑇 of the tunneling current is the ratio of the tunneling 
current at the end of the vacuum barrier of finite width 𝑧𝑧 = 𝑎𝑎 to the tunneling current at 
the beginning of the vacuum barrier 𝑧𝑧 = 0 as seen in the following equation: 
 
                                                               𝑇𝑇 ≡
𝐼𝐼(𝑧𝑧)
𝐼𝐼(0)
=  𝑒𝑒−2 𝜅𝜅 𝑖𝑖                                                 (Eq. 1) 
 
where  
𝜅𝜅 =  
�2 𝑚𝑚 𝜙𝜙
ℏ
= 5.1 �𝜙𝜙 = 10.9 nm−1 
 
and the equation for the tunneling current is: 
 
𝐼𝐼(𝑧𝑧) =  𝐼𝐼(0) 𝑒𝑒−2 𝜅𝜅 𝑖𝑖 
The work function 𝜙𝜙 is defined as the minimum amount of energy required to remove 
an electron from a conducting bulk material to the vacuum level. The work function for 
hydrogen passivated silicon H:Si(100) is reported as 4.57 eV [38] which is the value used 
in the calculation above. Plugging in this value for 𝜅𝜅 in Eq. 1 gives the value for the 
transmission coefficient as 𝑇𝑇 = 0.11 which shows that the tunneling current decays 
approximately 1 order of magnitude for every 0.1 nm in tip-sample separation distance. 
An STM tip is considered very sharp if the radius of curvature is on the scale of a few 
nanometers. One might then wonder how it is possible to view atomic scale resolution, 




larger than these distances. In fact, this work routinely observes the H:Si(100) dimer row 
surface where the distance between dimer rows is 0.7 nm.  
Binning and Rohrer recorded the idea that the lateral resolution achievable using an 
STM is smaller than the radius of the tip point [35,37]. They calculated that for distances 
∆𝑧𝑧 between the tip apex and the surface atoms on the substrate that is an order of magnitude 
smaller than the tip radius 𝑅𝑅, then the tunneling current hit the surface at an almost 90° 
angle. Furthermore, for lateral distances ∆𝑥𝑥, they were able to calculate the lateral current 
distribution to find that for a tip radius 𝑅𝑅 ≈ 1 nm, at a lateral distance ∆𝑥𝑥 ≈ 0.4 nm, the 
distance to the surface is increased by [35] 
 






 nm = 0.08 nm 
 





=  𝑒𝑒−2 𝜅𝜅 𝑖𝑖 
 
To get the equation for the tunneling current: 
 
𝐼𝐼(𝑧𝑧) =  𝐼𝐼(0) 𝑒𝑒−2 𝜅𝜅 𝑖𝑖 
 





𝜅𝜅 =  
�2 𝑚𝑚 𝜙𝜙
ℏ
= 5.1 √4.8 = 11.2 nm−1 
 
and plugging in the distance value of ∆𝑧𝑧 =  ∆𝑥𝑥
2
2 𝑅𝑅
, we get: 
 
𝐼𝐼(∆𝑧𝑧) =  𝐼𝐼(0) 𝑒𝑒−2 𝜅𝜅 
∆𝑥𝑥2
2 𝑅𝑅 =  𝐼𝐼(0)𝑒𝑒−2 (11.2) (0.08) =   𝐼𝐼(0)𝑒𝑒−1.8 ≈ 𝐼𝐼(0)𝑒𝑒−2 
 
The above equation means that the current drops by approximately an order of 
magnitude at a distance of ∆𝑥𝑥 ≈ 0.4 nm from the tip’s apex atoms. Therefore, at the tip’s 
apex with tip radius 𝑅𝑅 = 1 nm, the diameter of concentrated tunneling current is 0.8 nm, 
which should be the value of the spatial resolution limit. 
However, the STM spatial resolutions of values of 0.38 nm (the width of a silicon 
dimer row) are often observed, suggesting either the tips have a radius smaller than 𝑅𝑅 =
1 nm or the geometry at the apex of the tip is such that it gives an ‘apparent tip radius’ of 
𝑅𝑅 = 1 nm.  
In this work, we are interested in the C–C bond length in graphene’s and GNR’s carbon 
lattice of 0.142 nm, the spacing between the H:Si(100) dimer rows (dimer row spatial 
resolution) of 0.7 nm, and the dimension of the porous GNR pore size of approximately 
0.3 nm. The H:Si(100) dimer rows are routinely observed in this work, suggesting the tip 
radius is approximately 𝑅𝑅 = 1 nm. Therefore, a tip radius of 𝑅𝑅 = 0.125 nm is required to 
observe C–C bonds between the carbon atoms of 0.142 nm and a tip radius of 𝑅𝑅 = 0.56 nm 
is required to observe the pores in the porous GNR of 0.3 nm. See chapter 5 for discussion 





2.6 Physics of Orbitals 
Understanding the underlying physical nature of the pores in the porous GNR requires 
a review of organic chemistry concepts as well as a deep dive in the physics behind the 
STM measurements.  
Porous graphene nanoribbons are hydrocarbons; they are molecular compounds with 
structures containing only hydrogen and carbon. In particular, they are in the ‘aromatic’ 
hydrocarbon class, meaning that the porous GNR hydrocarbon structure is built using the 
benzene ring as the building block structure. Covalent bonds, bonds in which electron pairs 
are shared between the atoms, bond the carbons together as well as the hydrogens to the 
carbons. Benzene has a trigonal planar structure; all of the bonded atoms lie within the 
same plan with bond angles of 120°. Six carbon atoms are bonded together in a hexagonal 
shape with each carbon atom having a bonded hydrogen atom coming off the hexagon as 
seen in Figure 2.15a. Although benzene rings are drawn with alternating single and double 
carbon-carbon bonds forming the hexagon, benzene has only one type of carbon-carbon 
bond with length intermediary of the single and double bonds at length of 1.4 Å.  
A more accurate picture of the bonds in benzene use the resonant structure symbol (or 
hybrid structure symbol) of a circle within the hexagon shown in Figure 2.15b. This symbol 
more accurately describes the delocalization of electrons that occurs when the aromatic 
hydrocarbon structure is formed. Electron delocalization refers to when atoms are bonded 
together to form molecules, the electrons no longer ‘belong’ specifically to each atom, but 




The two main types of carbon-carbon bonds are the σ (sigma) and the π (pi) bonds. The 
σ  bond is cylindrical symmetrical with regard to the electron density distribution [30]. σ 
is used to represent the bonding of two s orbitals. π is used to represent the bonding of two 
p orbitals. 
The type of bond in the benzene molecule is the hybridized sp2 bond resulting from the 
mixing of the one 2s orbital with two 2p orbitals between the in-plane carbon C–C bonds. 
Since the porous GNR is constructed using benzene rings as the fundamental building 
block, it also has a trigonal planar structure with hybridized sp2 bonds. 
The spatial distribution of electrons into different orbitals results from the wave-particle 
duality of electrons. At size lengths comparable to that of the electron (also known as at 
the quantum sized level), the distinction between the characteristics of particles and of 
waves disappears. Furthermore, the Heisenberg uncertainty principle states that the 
position and velocity of the electron cannot be known exactly, resulting in the concept of 
a region of probability in which the electron exists. 
Atomic orbitals are used to describe the different allowed states, or different allowed 
regions of probability, that the electrons in an atom can exist. Each atomic orbital is 
described using a wavefunction which consists of three quantum numbers, the principle 
quantum number n, the angular moment quantum number l, and the magnetic quantum 
number ml. The principle quantum number n can only have integer values greater than 0, 
𝑛𝑛 ≥ 1. The angular momentum number can only have values 0 ≤ 𝑒𝑒 ≤ 𝑛𝑛 − 1. The 
magnetic quantum number can only have values −𝑒𝑒 ≤ 𝑚𝑚𝑙𝑙 ≤ +𝑒𝑒. Letters are assigned to the 




used for 𝑒𝑒 = 0, the letter p is used for 𝑒𝑒 = 1, the letter d is used for 𝑒𝑒 = 2, and so on. These 
letters are used to describe the different atomic orbitals for a given quantum number n.  
Each orbital has a quantized allowed energy determined by the value of n. Since 
electrons are Fermions, a fourth quantum number ms, is used to described whether the 
electron is spin-up or spin-down. The values of 𝑚𝑚𝑚𝑚  = ±1/2. The Pauli exclusion principle 
states that no two electrons can exist in the same state (having the same set of four quantum 
numbers), so each atomic orbital can only have two electrons. 
The spatial characteristic of the electron probability is determined by the three quantum 
numbers n, l, and ml. The principle quantum number n determines the size of the orbital; 
larger n values mean larger orbital sizes. This is related to the fact that more energetic 
electrons can more easily escape the attraction of the atomic nucleus and thus have a greater 
region of probability in which it exists. The shape of the orbital is determined by l. The s 
orbital (𝑒𝑒 = 0) is sphere shaped, the p orbital (𝑒𝑒 = 1) is a dumbbell shaped, etc. The 
directionality of the orbital is determined by ml [34].  
The electron configuration of carbon is (1s)2 (2s)2 (2p)2. There are three 2p orbitals, 
each mutually orthogonal and labeled as px, py and pz. The orbitals px and py are in-plane 
with the GNR structure and pz is out-of-plane. 
With this description of orbitals, we can now examine the hybridized sp2 bonds that 
occur for benzene rings and, subsequently, for the porous GNR. The sp2 hybrid bond in 
porous GNR refers to the mixing of the one 2s orbital with two 2p orbitals (2px and 2py). 
The electrons in the 2s orbital have greater density near the nucleus compared to the 2p 
orbital resulting in the sp2 hybrid bond having electron density concentrated near the 




For each bonded carbon atom in the carbon hexagonal lattice pattern in the porous 
GNR, there exists an out-of-plane 2pz orbital. All of these 2pz orbitals bond side-by-side to 
form an overall π molecular orbital above and below the porous GNR [30]. The bonded 
out-of-plane p orbitals are energetically favorable (require less energy) than if the 2pz 
orbitals do not bond. 
The electrons in the 2p orbital have greater energy than the electrons in the 1s and 2s 
orbitals which means they are more easily removed from the carbon atom. Furthermore, 
the out-of-plane π bonds in the porous GNR (and benzene and graphene) are weaker than 
the in-plane sp2 hybrid bonds because the π bonds are side-by-side overlaps of the 2pz 
orbitals and the sp2 hybrid bonds are direct overlaps between the mixed 2s and 2p in-plane 
orbitals.  
The existence of the π bonded 2pz orbitals requires the planarity of the benzene ring as 
well as the planarity of the parent material, graphene, and the porous GNR. These electron 
clouds above and below the two-dimensional bonded benzene materials of graphene and 
GNRs have the ability to deform. This occurs when a second molecule is brought nearby 
to induce a dipole in each of the molecules. The dispersion interaction between these two 
molecules, resulting from this induced dipole, is known as van der Waals attraction.  
An interesting point to note is that van der Waals attractions increase with increasing 
surface area of the interacting surfaces. Thus, it would be reasonable to conclude that the 
porous GNR has a lower van der Waals attraction to a surface compared to the 
complementary N = 15 carbon atom AGNR, the same GNR structure without the formation 







Figure 2.1: Schematic of (a) GNR precursor and (b) resultant porous GNR. (c) 
Schematic of porous GNR with four pores: carbon atoms are gray and hydrogen atoms are 








Figure 2.2: (a) Dry contact transfer (DCT) applicator with GNR powder (black) on it. 











Figure 2.3: Schematic of DCT process. The H:Si(100) silicon substrate is held in place 
by the sample holder. The DCT applicator with GNR powder applied to the fiberglass tip 









Figure 2.4: Schematic visualization of porous GNR (blue) on H:Si(100) substrate 
(gray) with tungsten tip (black) brought within tunneling range. This image was created 















Figure 2.6: Si(100) loaded in sample holder. Tantalum foil is used to ensure electrical 
contact between the silicon and the sample holder during the heating process of silicon 










Figure 2.7: Sample holder on dipstick during passivation step (cracking filament is on). 
The dipstick, sample holder, H:Si(100) sample, LTM (used for linear transfer motion) and 
the tungsten cracking filament are labeled. The cracking filament is glowing hot at 1550 
°C and is used to “crack” the molecular hydrogen H2 into atomic hydrogen used for the 










Figure 2.8: The Lyding-style STM chamber used in this work. Samples and tips are 
loaded into the load lock. The load lock is pumped down from atmospheric pressure to 
1 × 10−6 Torr. The sample or tips are then transferred to the preparation chamber for 
degassing before being transferred to the STM chamber where the STM experiments take 
place. Base pressure is 1 × 10−10 Torr for the preparation chamber and 2 × 10−11 Torr for 


























Figure 2.10: Main components of STM. Copyright notice: Figure: Michael Schmid, TU 
Wien. The schematic drawing of the STM and the text of this page may be used 
under Creative Commons Attribution ShareAlike 2.0 Austria License. The figure is 










Figure 2.11: Schematic of direction of tunneling with negative applied bias voltage 
with respect to the sample. The electrons tunnel from the filled states in the tip to the empty 
states in the sample. Changing the sign of the applied bias voltage reverses the direction of 









Figure 2.12: STM topographic image of H:Si(100) with applied bias voltage of – 2.0 
V, constant tunneling current of 0.1 nA and measured at room temperature. The colored 
height scale is relatively set from the black pixels values that appear where there are no 








Figure 2.13: Electron in potential well with finite width. “Classically allowed” and 






Figure 2.14: Schematic of electron in an infinite square well with the electron 
wavefunction plotted. The potential well has finite width of 𝑧𝑧 = 𝑎𝑎. The wavefunctions for 















Figure 2.15: (a) Benzene ring drawn with alternating single and double C–C bonds. (b) 
Structure of benzene ring where the resonance of the double and single C–C bonds is 
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POROUS GRAPHENE NANORIBBONS ON 
H:Si(100) 
 
3.1 STM Characterization of Porous Graphene 
Nanoribbons on H:Si(100) 
The wet chemical synthesis procedure of the porous GNRs is described in section 2.2. 
The precursor molecule is 2-([1,1’:4’,1”:4”,1”’-quaterphenyl]-2”-yl)-6,11-dibromo-1,4-
diphenyltriphenylene shown in Figure 3.1a. After the precursor molecules undergo 
polymerization and cyclodehydrogenation, the result is a straight armchair edge terminated 
GNR with expected width of 1.72 nm based on the C–C bond length in graphene of 0.14 
nm. Pores are expected on alternating sides of the GNR with periodicity of 1.70 nm (Figure 
3.2d). The backbone of the porous GNR resembles that of the chevron GNR with an 
additional C–C bond that creates the closed off nanopore [1,2]. Alternatively, if the porous 
GNR did not have the single benzene rings missing at the pore sites, then the equivalent 
structure is a straight armchair GNR with width of N = 15 carbon atoms. The wet-chemical 
synthesis produces porous GNRs in powder form [1,3,4].  
The DCT applicator is stamped into the GNR powder and degassed at high 
temperatures under UHV in order to remove atmospherics and residual contaminants 
leftover from sonicating the applicator in solvent chemicals prior to GNR application as 




substrates is achieved by stamping the DCT applicator against the substrate surface under 
UHV conditions and at room temperature. The schematic for the DCT applicator and 
sample holder is shown in Figure 3.1b.  
STM imaging of the porous GNRs on H:Si(100) confirms the expected porous structure 
and indicates a unique electronic feature at the graphene nanopore sites. The pores are 
clearly observed on alternating sides of the GNR in the STM topographic images in Figure 
3.1c–e. They appear as bright white circles on the GNR. In STM topographic images, 
bright regions are due to higher physical topography, increased density of states or a 
combination of the two that gives rise to a higher topography in the STM image. Therefore, 
we define the pores as ‘protrusions’ due to the tip retracting away from the GNR producing 
a 3D hill in the STM topographic image (Figure 3.1c–e). 
Intuition would suggest that the pore sites have low tunneling current due to the missing 
benzene ring. We would then expect the pores to appear as dark regions, or what we define 
as ‘depressions,’ due to low tunneling current. The fact that the pores appear as bright 
regions indicates an interesting and unique electronic feature resulting from the geometry 
of the pore. Individual dimers of the H:Si(100) substrate are observed demonstrating 
atomic precision of the UHV STM imaging system. The overall trapezoidal shape and 
straight edges of the GNR are observed. 
In some cases, the porous GNR appears to be semi-transparent, allowing the underlying 
silicon dimer rows to be seen underneath the porous GNR as is the case in Figure 3.1c. 
Semi-transparency of chevron GNRs was previously demonstrated [1] resulting from the 




GNR density of states due to the larger bandgap of the chevron GNR. As previously noted 
[2], semi-transparency is not an intrinsic GNR property.  
Whether a GNR appears as semi-transparent or not depends on the work function of 
that specific tip used for the image, the separation distance between the GNR and the tip 
and how the GNR is interacting with the substrate. When a GNR appears semitransparent 
it is due to the STM tip ‘pushing’ the GNR closer to the substrate (see section 5.3 for further 
discussion). We define semi-transparency as a result of both the GNR and underlying 
silicon substrate contributing to the overall tunneling current resulting in an STM 
topographic image of the GNR is partially seen through.  
At least six pores are visible in Figure 3.1c with the brighter region on the right 
corresponding to a possibly folded over region of the GNR that may have occurred as a 
result of the DCT process, or a contaminant trapped in a pore. A shorter segment with at 
least three pores is observed in Figure 3.1d with the expected straight edges and trapezoidal 
shape. The longer GNR in Figure 3.1d has at least 7 pores on the left-hand-side of the GNR 
before the bend in the GNR occurs. After the bend on the right-hand-side of the GNR, the 
clumped image is a result of the DCT process. At least ten pores are observed for the GNR 
in Figure 3.1e. 
Height profiles are taken along the white lines 1 and 2 in the STM image in Figure 3.2a 
and plotted in Figure 3.2b. Topographic height is assigned relative to the silicon substrate, 
which is set as the 0 Å reference. The height measurements taken along the white lines in 
Figure 3.2a start from left to right for line 1 and bottom to top for line 2. In Figure 3.2b, 
the bulk porous GNR height is 2.5 Å relative to the substrate and the pore height is 5.5 Å 




Figure 3.2c is a 3D rendering of the porous GNR (yellow) in Figure 3.2a on the silicon 
substrate (blue). Atomic resolution is observed in the individual silicon dimer pairs in each 
of the dimer rows in the blue colored region. Here, the protrusive nature is clearly observed 
for the GNR pores. The GNR appears taller compared to the underlying silicon substrate 
and the pores appear taller compared to both the bulk GNR and substrate. 
Previous height measurements conducted by Dr. Adrian Radocea are presented in 
Figure 3.3 [2]. Here, the bulk porous GNR height is 2.1 Å relative to the substrate and the 
pore height is 3.6 Å relative to the substrate. The discrepancy between the bulk GNR and 
pore heights is due to the semi-transparency occurring for the GNR in Figure 3.3a that does 
not occur for the GNR in Figure 3.2a.  
For example, STM measurements of chevron GNRs on H:Si(100) result in an average 
apparent GNR height of 3.0 Å [1]. However, when STM measurements for chevron GNRs 
are taken on Au(111) the height is 1.8 Å [5]. Another example is the ability to switch from 
non-transparent to semi-transparent for doublewide GNR on InAs [6]. Changing the 
sample bias from – 2V to – 1.5V changes the GNR from non-transparent to semi-
transparent and decreases the apparent height from 3.3 Å to 2.3 Å. 
The bulk height of the porous GNR for both the semi-transparent case and non-
transparent case are comparable to the height of chevron GNRs with measured and 
averaged apparent height of 3.0 Å [1], double-wide GNRs on InAs with measured apparent 
height of 3.0 Å [6] and graphene nanoflakes exfoliated onto H:Si(100) with measured 
apparent height of 3.1 Å. The periodicity in Figure 3.2 of the GNR pores is measured as 
1.70 nm, in agreement with the expected value of 1.70 nm. The width of the GNR is 




Radocea measured the width of the porous GNR as 2.4 nm which is greater than the 
expected width of 1.72 nm. We will discuss the apparent increase in measured GNR widths 
in section 5.4. 
Figure 3.3c is a 3D rendering of the porous GNR STM topography, clearly depicting 
the protrusive nature of the nanopores and underlying semi-transparency. The expected 
measurements of the porous GNR based on the C–C bond length of 0.14 nm in graphene 
are seen in Figure 3.2d. 
 
3.2 Bias Effect 
Bright regions in STM topographic images collected in constant current mode 
correspond to features that are either physically taller than the surrounding material or 
possess a higher conductivity than the surrounding material. Higher conductivity is 
equivalent to saying there is a higher local density of states (LDOS) compared to the 
surrounding material. Both cases (increase in physical height or increase in LDOS) require 
the tip to retract away from the sample to maintain the set constant current value. Since the 
nanopores appear as bright features, it is necessary to determine whether this observance 
is due to an increase in physical height or an increase in LDOS. STM topographies of 
porous GNRs were collected at different sample biases in order to determine the nature of 
the nanopores.   
Figure 3.4 is STM topography data previously collected by Dr. Adrian Radocea [2]. 
STM topographic images were collected at sample biases of – 2.0 V, – 1.5 V, and – 1.3 V. 
The tunneling current is 10 pA and measurements are taken at room temperature. At – 2.0 




3.4a). Decreasing the absolute value of the applied bias voltage for this GNR from – 2.0 V 
to – 1.5 V changes the pore observance to dark depressions compared to the surrounding 
GNR (Figure 3.4b). This suggests that the nature of the pores is electronic rather than a 
physical increase in height of material. Further decreasing the absolute value of the applied 
bias voltage to – 1.3 V results in the pores appearing as larger dark regions compared to 
that observed in Figure 3.4b at – 1.5 V. A semi-transparency effect of the H:Si(100) 
substrate through the GNR is observed (Figure 3.4c).  
Since the H:Si(100) tunneling contribution is more prominent at – 1.3 V, the porous 
GNR bandgap is expected to be greater than the scanning bias. The GNR structure is 
overlaid in Figure 3.4e. The STM topographic minima line up with the pore sites in the 
overlaid GNR structure schematic. A height profile is calculated along the white line from 
left to right and plotted in Figure 3.4f. The pore periodicity is measured as 1.74 nm in close 
agreement to the expected value of 1.7 nm. 
Figure 3.5 is a set of four STM topographic images and their corresponding derivative 
images for a porous GNR. STM data is collected at sample biases of – 2.0 V, – 1.5 V, – 1.3 
V, and –1.1 V. The tunneling current is 0.1 nA and measurements are taken at room 
temperature. The pores appear as bright white protrusions on the GNR when measured with 
a sample bias of – 2.0 V (Figure 3.5a). The derivative image in Figure 3.5b shows what 
appears to be the carbon lattice of the internal GNR bulk material structure, but may also 
be a semi-transparency effect from the underlying H:Si(100) substrate. There is also the 
possibility that this is evidence of a Moiré pattern due to the interaction of the two periodic 
structures. The measurements of these features appear to be less than 0.38 nm, which is the 




Decreasing the absolute value of the applied bias voltage to – 1.5V decreases the size 
of the bright white regions at the pore sites on the GNR while increasing the visibility of 
the intra-ribbon graphene structure as seen in the STM image and the derivative image of 
Figure 3.5c and Figure 3.5d. Decreasing the sample bias to – 1.3 V pronounces the intra-
ribbon structure further (Figure 3.5e). The relative brightness of the pore sites in Figure 
3.5e reduces from a bright white to an orange only slightly brighter than the color of the 
GNR. This indicates that these features at the pore sites are not causing the tip to retract as 
far from the GNR as compared to the cases at – 2.0V and – 1.5V. With sample bias of          
– 1.1 V, the GNR appears stretched out, the internal pattern of the GNR is very pronounced 
and the pores are no longer visible as seen in Figure 3.5g and Figure 3.5h. 
Figures 3.6 and 3.7 are the second and third set of STM data taken with variable applied 
bias voltage with tunneling current of 0.1 nA at room temperature on the same GNR. 
Decreasing the absolute value of the applied bias voltage from – 2.0 V to – 1.5 V changes 
the pores from protrusions out of the GNR plane to be invisible, as shown in Figure 3.6a 
and Figure 3.6c. The underlying H:Si(100) substrate is visible through the GNR. A large 
bright region is observed in the STM topographic image in Figure 3.6c due to a deposition 
from the STM tip between STM data measurements and can be ignored. The derivative 
images of the STM topographic images are included in Figures 3.6b and d. 
Increasing the absolute value of the applied bias voltage from – 1.5 V back to – 2.0 V 
restores the protrusions at the pore sites. This is observed going from Figure 3.6c to Figure 
3.7e. Further increasing the absolute value of the applied bias voltage from – 2.0 V in 
Figure 3.7e to – 2.3 V in Figure 3.7c does not change the appearance of the protrusions at 




Figure 3.7c to – 2.5 in Figure 3.7a does not change the appearance of the protrusions at the 
pore sites. The derivative images of the STM topographic images are included in Figures 
3.7b, d, and f. 
The bias effect is also observed when the tunneling current is set to 10 pA. Figure 3.8a 
shows a porous GNR on H:Si(100) at – 2.0 V. When the absolute value of the applied bias 
voltage is reduced to – 1.5 V (Figure 3.8b), a strong semi-transparency of the underlying 
H:Si(100) dimer rows is observed through the bulk GNR material. This is consistent with 
the previously discussed observations when the tunneling current is set to 0.1 nA. 
 
3.3 Pore Height vs. Bias 
Section 3.2 discussed the observation that the applied bias voltage to the sample 
determines how the GNR pores will appear. The plots in this section refer to ‘height 
characterization’. Height is defined as follows: 
 
Height is the distance above the silicon substrate of the STM tip necessary for maintaining 
constant current scanning. 
 
GNR height results from a topographical feature. The STM tip must physically move over 
the GNR material. Pore height is the STM measurement that results from the STM tip 
retracting away from the GNR at the pore sites. This is due to an increase in conductivity 
from a higher local density of states (LDOS) at the pore sites compared to the surrounding 
bulk GNR material. In this section, the pore height is measured and plotted versus the 





Point #1: Intuition would expect the pores in the height profile to show either 
 
a.) The same height as the underlying silicon since there are no atoms in the pore. 
or 
b.)  The height of the GNR. This would correspond to the tip not being fine enough 
to dip into the pore and collect STM topographic data of the underlying silicon.  
 
Point #2: Decreasing the absolute value of the applied bias voltage from – 2.0 V 
changes the pore appearance and reduces the measured pore height. 
 
Point #3: Increasing the absolute value of the applied bias voltage from – 2.0 V does 
not affect the appearance of the pores nor the measured pore height. 
 
Points 2 and 3 make it clear that the effect of the applied bias voltage on the appearance 
of the GNR pore is an electronic feature intrinsic to the pore. Changing the bias from small 
negative values (– 1.1 V for example) to larger negative values (– 2.5 V for example) is 
not a setting that would change the “resolution” of the STM image. If this were the case, 
we would expect the pores to become even brighter at large negative applied bias voltage 
values. Since this is not the case (see point 3), it is due to the subtle nature of the nanopores 
themselves. 
We will now discuss the height profile plots. The first set of data examined are the 




– 3.11 are height profiles taken along the width of the GNR which captures two pores in 
each plot. Figures 3.12 and 3.13 are height profiles taken along the length of the GNR 
which captures all of the pores for each side of the nanoribbon.  
The second set of data examined are the height profiles for the same GNR at applied 
bias voltage of – 2.0 V, – 2.3 V, and – 2.5 V. Figures 3.14 – 3.16 are height profiles taken 
along the width and Figures 3.17 and 3.18 are height profiles taken along the length. 
The third set of data examined are for another height profiles of another GNR at applied 
bias voltages ranging from – 2.0 V to – 1.1 V. Figures 3.17 and 3.18 examine the semi-
transparency behavior of the GNR using height profiles across the width near the end of 
the GNR and through the bulk middle section of the GNR. 
The height profiles are measured along the white lines in the STM topographic images. 
For horizontal white profile lines, the measurement is from left to right. For white profile 
lines that are not strictly horizontal (have a mostly vertical direction), the measurement is 
from bottom to top. 
 
*Please note for Figures 3.9 – 3.18, a tip deposition occurred after taking an STS 
measurement after the initial scan at – 2.0 V for Figures 3.9 – 3.13a. The deposition is 
observed as the very large, white blob in the STM topographic images for Figures 3.9 – 








Figures 3.9 – 3.11 
 
Let us begin with the height profiles moving along the rows of pores. Figures 3.9a, 
3.10a, and 3.11a are topographic images for applied voltage bias of – 2.0 V. Figures 3.9b, 
3.10b, and 3.11b are topographic images for applied bias voltage of – 1.5 V. Figures 3.9c, 
3.10c and 3.11c are the height profile plots where the measurements for the – 2.0 V case 
are plotted as the blue solid line and measurements for the – 1.5 V case are plotted as the 
red dashed line for Figures 3.9, 3.10 and 3.11. Measurements for these three plots are taken 
from left to right on the white lines. 
Undulations corresponding to the silicon dimer rows are observed in the height profiles 
plotted in Figure 3.9c for both applied bias voltage cases. This demonstrates atomic 
resolution in the measurement. These undulations are observed on the left and right side of 
the main peaks which is to say, on the left- and right-hand side of the GNR in the STM 
topographic images. At – 2 V, the two pores are obvious in the height profile as the two 
peaks of comparable height at 0.48 nm and 0.5 nm. Changing the applied bias voltage to 
– 1.5 V decreases the apparent height measurements for the two pores to 0.25 nm. 
Additionally, the distinction between the two pores is lost. This is evident by comparing 
the STM topographic images in Figures 3.9a and b where the pores become invisible in the 
– 1.5 V case. 
At this point it is worth reflecting on what the STM tip is doing when we change the 
applied bias voltage. Constant tunneling current is maintained at 0.1 nA. Therefore, 
changing the applied bias voltage from – 2.0 V to – 1.5 V requires the STM tip to move 




The second row of pores in Figure 3.9 is examined in Figure 3.10. Undulations are 
again observed for the silicon dimer rows demonstrating the atomic resolution of the 
measurement. The pore heights for the – 2.0 V case (Figure 3.10a) are measured as 0.6 nm 
for the left pore and 0.56 nm for the right pore and are plotted as the blue curve in Figure 
3.10c. The pores disappear when the applied bias voltage is changed to – 1.5 V and the 
pore height decreases to 0.25 nm (plotted as the red, dashed line in Figure 3.10c).  
The third row of pores in Figure 3.9 is examined in Figure 3.11. Undulations for the 
silicon dimer rows are not as clear in this case due to the dangling bonds on the silicon 
substrate that the white height profile line moves over. The pore heights for the – 2.0 V 
case (Figure 3.11a) are measured as 0.63 nm for the left pore and 0.55 nm for the right pore 
and are plotted as the blue curve in Figure 3.11c. Changing the applied bias voltage to – 1.5 
V reduces the pore height to 0.25 nm. 
 
Figures 3.9 – 3.11 Summary: Although the pore heights for 6 different pores are all 
measured slightly different (within the range of 0.48 nm – 0.6 nm) for the – 2.0 V case, the 
pore heights are consistently measured as 0.25 nm for the – 1.5 V case.  
 
Figures 3.12 and 3.13 
 
Height profiles are measured along the length of the GNR in Figures 3.12 and 3.13. 
STM topographic images for applied bias voltage of – 2.0 V are seen in Figures 3.12a and 




for applied bias voltage of – 1.5 V are seen in Figures 3.12b and 3.13b and plotted as the 
red dashed line in Figures 3.12c and 3.13c.  
The onset of the GNR from the silicon substrate is observed for the – 2.0 V cases in 
Figures 3.12c and 3.13c. The GNR onset height is the GNR bulk height value and is 
measured as 0.25 nm. This is the same value that was measured in Figures 3.9 – 3.11 for 
the pores with applied bias voltage of – 1.5 V. Therefore, the heights measured for the – 1.5 
V cases in Figures 3.9 – 3.11 are of the bulk GNR and demonstrate the STM tip’s inability 
to dip in between the pores to the underlying silicon substrate. 
After the GNR onset in the blue curve plotted in Figure 3.12c, a small pore peak occurs 
with height of 0.4 nm. The second pore peak is much larger at 0.7 nm. This is attributed to 
some of the deposited material from the tip adding material to this pore site. The third pore 
peak is measured as 0.6 nm. This is in close agreement with the pore height of 0.63 
measured in Figure 3.11a for this same pore. The fourth pore peak is measured as 0.6 nm 
in agreement with the height of 0.6 nm measured in Figure 3.12a for this same pore. The 
fifth pore peak is measured as 0.45 nm in close agreement with the height of 0.48 nm 
measured in Figure 3.9a for this same pore. 
Figure 3.12b shows a semi-transparency effect of the GNR. The pores are invisible and 
show a reduction in pore height plotted in Figure 3.12c as the red, dashed curve. The GNR 
onset height is 0.25 nm; the same for the – 2.0 V case. The large peak in the red curve of 
Figure 3.12c is attributed to the tip deposit that landed on the GNR after taking an STS 
measurement and can be ignored. After the deposit site, GNR height decreases from the 




height at the end is due to the measurement picking up a deposit at the top of the GNR and 
can be ignored. Silicon dimer row undulations are observed before the GNR onset. 
Figure 3.13 shows a similar trend for the height versus applied bias voltage for the 
applied bias voltage – 2.0 V and – 1.5 V cases to that observed in Figure 3.12. The GNR 
onset is not as clear due to the large deposit for the – 2.0 V and – 1.5 V cases plotted in 
Figure 3.13c. In Figure 3.13a, four pores are observed with distinction in the STM 
topographic image. These are observed in the height profile for the blue curve in Figure 
3.13c. The pore heights occur consistently at 0.5 nm, in close agreement with the average 
heights measured in Figures 3.9 – 3.11. The pores become invisible in Figure 3.13b when 
the applied bias voltage is changed to – 1.5 V. A consistent height over all of the pore sites 
is measured as 0.25 nm, in agreement with the measurements in Figures 3.9 – 3.11.  
 
Figures 3.12 and 3.13 Summary: GNR onset height is measured as 0.25 nm. Pore 
heights measured for the applied bias voltage of – 2.0 V case agree with those from Figures 
3.9 – 3.11. The pore heights are measured as 0.25 nm for the – 1.5 V case, agreeing with 
measurements in Figures 3.9 – 3.11. 
 
Figures 3.14 – 3.18 
 
Figures 3.14 – 3.18 characterize the pore heights at applied bias voltages of – 2.0 V, 
– 2.3 V and – 2.5 V. Figures 3.14 – 3.16 are height profiles taken along the width of the 




Figures 3.14a, b and c are the STM topographic images for applied bias voltages of 
– 2.0 V, – 2.3 V, and – 2.5 V. The pores do not change in appearance. Figure 3.14d is the 
plotted height profile along the white lines. The first pore has a height of 0.5 nm at – 2V 
(blue curve) and – 2.3 V (red, dashed curve) and a slight decrease to 0.48 nm at – 2.5 V 
(black, dotted curve). The second pore has a height of 0.5 nm at – 2.0 (blue curve), 0.53 
nm at – 2.3 V (red, dashed curve) and 0.49 nm at – 2.5 V (black, dotted curve). These 
heights are within a range consistent with measurements in Figures 3.9 – 3.13.  
Figure 3.15d shows that the first pore has height of 0.58 nm at all three applied bias 
voltage cases. The second pore has measured height of 0.62 nm for applied bias voltage 
cases of voltages – 2 V, – 2.3 V and – 2.5 V. Figure 3.16d shows a pore height of 0.58 nm 
for the first pore and a height in the range of 0.48 to 0.5 nm for the second pore for the 
voltages – 2 V, – 2.3 V and – 2.5 V. Therefore, changing applied bias voltage to more 
negative values did not affect the measured pore height. 
Measuring the height profile along the length of the GNR in Figures 3.17 and 3.18 also 
shows that changing the applied bias voltage for cases – 2 V, – 2.3 V and – 2.5 V does not 
change the measured pore height. Figure 3.17d shows a clear GNR onset height of 0.25 nm 
at – 2 V consistent with all prior measurements. The GNR onset is more convoluted with 
the first pores and tip deposition artifact for – 2.3 V and – 2.5 V and resulting in an apparent 
GNR height of 0.33 nm. Three pores are clearly visible after the deposition in the height 
profiles. The first pore has a height of 0.5 nm for all three applied bias voltage cases. The 
second pore has a height of 0.55 nm for all three applied bias voltage cases and a height of 




The GNR onset is not obvious in Figure 3.18d due to the tip deposition artifact. 
However, all three pores are distinguished in the STM topographic images (Figures 3.18a, 
b, and c) and the plotted pore height profile (Figure 3.18d). The pores have a height of 
approximately 0.5 nm for all three pores and all three applied bias voltage cases. These 
measurements are in close agreement with the pore heights measured along the width of 
the GNR at these voltages. 
 
Figures 3.14 – 3.18 Summary: Changing the applied bias voltage from – 2.0 V to 
larger negative values of – 2.3 V and – 2.5 V do not change the appearance of the pores 
nor change the measured pore heights. This contrasts with the effect observed in Figures 
3.9 – 3.13 where the pores change from protrusions to depressions when the applied bias 




Figure 3.19 examines a second GNR with applied bias voltage in range of – 2.0 to – 1.1 
V. Height profiles are taken near the end of the GNR to compare how the GNR height 
changes with different applied bias voltages. Figures 3.19a, c, e and g are the STM 
topographic images at constant current of 0.1 nA. Figures 3.19b, d, f and h are the height 
profiles accompanying the STM topographic images. Height profiles are calculated along 
the white vertical lines from top to bottom.  
There is a slight difference of the zero height mark on the top and bottom sides of the 




the GNR since this is the side of the GNR on which the height measurements are taken. 
Also note, the GNR height is taken as the onset value of the height profile curve. 
At applied bias voltage of – 2.0 V, the GNR height is 0.34 nm measured from the top 
of the H:Si(100) dimer row undulations as seen in Figure 3.19a–b. Reducing the absolute 
value of the applied bias voltage to – 1.5 V reduces the measured GNR height to 0.31 nm 
as seen in Figure 3.19c–d. An applied bias voltage at – 1.3 V slightly reduces the GNR 
height to 0.30 nm as seen in Figure 3.19e–f. However, the most significant reduction in 
GNR height occurs when the applied bias voltage is set to – 1.1 V. Figure 3.19g–h shows 
the GNR height is reduced to 0.19 nm. Furthermore, an internal pattern in the GNR is very 
evident at the applied bias voltage of – 1.1 V. Chapter 5 discusses why the GNR height 
decreases with decreasing absolute value of the applied bias voltage. 
 
Figure 3.19 Summary: STM topographic images were collected for a GNR with 
applied bias voltages – 2.0 V, – 1.5 V, – 1.3 V, and – 1.1 V. Reducing the absolute value 
of the applied bias voltage from – 2.0 V reduces the bulk GNR height and reduces the 
height of the protrusions at the pore sites. Strong semi-transparency is observed as the 







3.4 Questions Raised Summary 
 
Here is the summary of questions raised in this chapter. They are answered in chapter 
5. The sections that they are answered in are included for each raised question. 
 
 Why are GNRs appearing as tall protrusions? 
o see Section 5.3 
 What is the size of the pore compared to the H:Si(100) dimer row dimensions? 
o Section 5.4: see Question 1 
 Why does the diameter of the protrusions at the pore sites have a greater value 
than the expected 3.0 Å? 
o Section 5.4: see Question 3 
 Why is the measured porous GNR width greater than the expected width value? 
o Section 5.4: see Question 4 
 Semi-transparency is used to described the qualitative observation of the 
visibility of the dimer rows of the underlying H:Si(100) substrate through the 
porous GNR material. Is there a way to define semi-transparency more 
quantitatively?  
o Section 5.4: see Question 5 
 Why don’t we expect the porous GNR height above the H:Si(100) substrate to 
be the diameter of the carbon atoms comprising the bulk material of the GNR? 




 The H:Si(100) substrate is held vertically on the sample holder in the STM 
chamber. Why don’t we expect the GNRs to slide off the substrate? 
o Section 5.4: see Question 7 
 Could an atom be in the pore sites? 
o Section 5.4: see Question 8 
 Why does the GNR height decrease when the absolute value of the applied bias 
voltage is decreased (Figure 3.19)? 










Figure 3.1: (a) Schematic of the precursor molecule and porous GNR wet-chemically 
synthesized by the Sinitskii group at the University of Nebraska-Lincoln. (b) Schematic of STM, 
sample holder, and DCT applicator. (c) STM image of porous GNR on H:Si(100) (U = – 2.0 V, I 
= 0.01 nA, T = RT). Semi-transparency effect of substrate visible through bulk GNR [2]. (d) STM 
image of a short porous GNR segment and a longer porous GNR segment that is bent on H:Si(100) 
(U = – 2.0 V, I = 0.01 nA, T = RT). (e) STM image of porous GNR on H:Si(100) (U = – 2.0 V, I 










Figure 3.2: (a) STM image of porous GNR on H:Si(100) (U = – 2.0 V, I = 0.01 nA, T = RT). 
Topographic height is indicated by the scale bar on the right. Pores appear as bright protrusions at 
expected locations. (b) Height profiles corresponding with the white solid lines in (a). GNR bulk 
height is measured as 0.25 nm and the pore height is measured as 0.5 nm. Pore periodicity is 
measured as 1.7 nm in agreement with the expected value of 1.7 nm. (c) 3D rendering of GNR 
STM image on H:Si(100) in (a) portraying the protrusive nature of the GNR pores. Individual 
dimers and dimer rows are observed in the 3D rendering indicating atomic resolution imaging. (d) 










Figure 3.3: (a) Close-up STM image of porous GNR (U = – 3.0 V, I = 0.1 nA, T = RT). The 
semi-transparency effect of the substrate through the GNR is visible. Pores appear as bright 
protrusions at expected locations. (b) Height profile along white lines in (a) indicating GNR height 
of 2.1 Å relative to the substrate and a pore height of 3.6 Å relative to the substrate. Pore periodicity 
for this GNR is measured as 2.0 nm in close agreement with the expected value of 1.7 nm. The 
width of the GNR is measured as 2.4 nm which is greater than the expected width value of 1.7 nm. 
The increased width measurement is a result of tip convolution. (c) 3D rendering of porous GNR 
STM image in (a) depicting the protrusive nature of the pores and semitransparency of underlying 







Figure 3.4: (a) STM image showing protrusive nature of pores on H:Si(100) substrate (U = 
– 2.0 V, I = 0.01 nA, T = RT). (b) Decreasing the scanning bias to – 1.5 V changes pores from 
protrusions to depressions (U = – 1.5 V, I = 0.01 nA, T = RT). (c) Further decreasing the bias to 
– 1.3 V creates valleys at the pore sites. Also apparent is the semi-transparency effect of observing 
the substrate through the bulk GNR (U = – 1.3 V, I = 0.01 nA, T = RT). (d) STM image with the 
porous GNR schematic overlaid (U = – 1.3 V, I = 0.01 nA, T = RT). (e) Height profile taken along 








Figure 3.5: Voltage bias effect imaged with current I = 0.1 nA at room temperature. (a) STM 
of porous GNR at U = – 2.0 V and (b) corresponding current buffer image. (c) STM of porous 
GNR at U = – 1.5 V and (d) corresponding current buffer image. Pores become less prominent. (e) 
STM of porous GNR at U = – 1.3 V and (f) corresponding current buffer image. Pores almost 
invisible and interior GNR structure more pronounced. (g) STM of porous GNR at U = – 1.1 V 
and (h) corresponding current buffer image. Atomic resolution of interior structure visible while 








Figure 3.6: Voltage bias effect with current I = 0.1 nA at room temperature. (a) STM of porous 
GNR at U = – 2.0 V and (b) corresponding current buffer image. (c) STM of porous GNR at U = 
– 1.5 V and (d) corresponding current buffer image. Pores become invisible when the absolute 







Figure 3.7: Increasing voltage bias with current I = 0.1 nA at room temperature. (a) STM of 
porous GNR at U = – 2.5 V and (b) corresponding current buffer image. (c) STM of porous GNR 
at U = – 2.3 V and (d) corresponding current buffer image. (e) STM of porous GNR at U = – 2.0 










Figure 3.8: (a) Changing the tunneling current to 10 pA while maintaining the applied bias 
voltage at – 2.0 V does not change the protrusive nature of the pore sites as observed in the STM 
topographic image. This is due to the tip retracting away from the GNR as explained in Figure 
3.13. (b) Reducing the absolute value of the applied bias voltage to – 1.5 V at tunneling current of 
10 pA results in semi-transparency of the underlying silicon dimer rows from the H:Si(100) 
















Figure 3.9: Pore height characterization (GNR set 1 of 3) for decreasing voltage from – 2.0 V 
to – 1.5 V with current I = 0.1 nA at room temperature. (a) STM of porous GNR on H:S(100) 
substrate at voltage bias U = – 2.0 V with pores clearly visible. (b) STM of porous GNR at voltage 
bias U = – 1.5 V where pores become invisible. A tip deposition occurred between these 
subsequent scans leaving the large white region on the bottom portion of the GNR. The white lines 
in (a) and (b) are height profiles taken from left to right. (c) Height characterization of the first row 
of pores on the GNR along the white lines in (a) and (b). Individual pores observed for – 2.0 V 
bias (blue) with height of approximately 0.44 nm. Decreasing bias to – 1.5 V (red) decreases the 
height at the pore sites to approximately 0.23 nm while turning the pores invisible. Semi-









Figure 3.10: Pore height characterization of GNR in Figure 3.9 (GNR set 2 of 3). STM images 
of the porous GNR on H:Si(100) with current I = 0.1 nA at room temperature and bias of (a) U = 
– 2.0V where pores are clearly visible and (b) U = – 1.5 V where pores become invisible and a 
semi-transparency effect of the underlying H:Si(100) substrate is observed. A tip deposition 
occurred between these subsequent scans leaving the large white region on the bottom portion of 
the GNR. The white lines in (a) and (b) are height profiles taken from left to right. (c) Height 
characterization of the second row of pores on the GNR along the white lines in (a) and (b). 
Individual pores observed for – 2 V bias (blue) with height of approximately 0.6 nm and 0.58 nm. 
Decreasing bias to – 1.5 V (red) decreases the height at the pore sites to approximately 0.24 nm 









Figure 3.11: Pore height characterization of GNR in Figure 3.9 (GNR set 3 of 3). STM images 
of the porous GNR on H:Si(100) with current I = 0.1 nA at room temperature and bias of (a) U = 
– 2.0V where pores are clearly visible and (b) U = – 1.5 V where pores become invisible and a 
semi-transparency effect of the underlying H:Si(100) substrate is observed. A tip deposition 
occurred between these subsequent scans leaving the large white region on the bottom portion of 
the GNR. The white lines in (a) and (b) are height profiles taken from left to right. (c) Height 
characterization of the third row of pores on the GNR along the white lines in (a) and (b). 
Individual pores observed for – 2 V bias (blue) with height of approximately 0.62 nm and 0.58 
nm. Decreasing bias to – 1.5 V (red) decreases the height at the pore sites to approximately 0.23 








Figure 3.12: Pore height characterization of GNR in Figure 3.9 (GNR set 1 of 2). STM images 
of the porous GNR on H:Si(100) with current I = 0.1 nA at room temperature and bias of (a) U = 
– 2.0V where pores are clearly visible and (b) U = – 1.5 V where pores become invisible and a 
semi-transparency effect of the underlying H:Si(100) substrate is observed. A tip deposition 
occurred between these subsequent scans leaving the large white region on the bottom portion of 
the GNR. The white lines in (a) and (b) are height profiles taken from bottom to top. (c) Height 
characterization of the first column of pores on the GNR along the white lines in (a) and (b). 
Individual pores observed for – 2 V bias (blue) with height of approximately 0.65 nm, 0.6 nm, 0.6 
nm and 0.44 nm. Height of the bulk GNR is measured as approximately 0.25 nm. Decreasing bias 
to – 1.5 V (red) decreases the height at the pore sites to approximately in the range of 0.3 nm down 
to 0.1 nm. A large peak is observed for the – 1.5 V height profile (red) due to measuring the tip 
deposition. The decreasing pore height is due to a region of high semi-transparency on the top right 







Figure 3.13: Pore height characterization of GNR in Figure 3.9 (GNR set 2 of 2). STM images 
of the porous GNR on H:Si(100) with current I = 0.1 nA at room temperature and bias of (a) U = 
– 2.0V where pores are clearly visible and (b) U = – 1.5 V where pores become invisible and a 
semi-transparency effect of the underlying H:Si(100) substrate is observed. A tip deposition 
occurred between these subsequent scans leaving the large white region on the bottom portion of 
the GNR. The white lines in (a) and (b) are height profiles taken from bottom to top. (c) Height 
characterization of the second column of pores on the GNR along the white lines in (a) and (b). 
Individual pores observed for – 2 V bias (blue) with height of approximately 0.5 nm for the four 
pores measured. The brighter bottom region in (a) causes an increase in the apparent height of the 
bulk GNR and a peak well above 1.0nm that is due to a clumped region of the GNR. Decreasing 
bias to – 1.5 V (red) decreases the height at the pore sites to approximately in the range of 0.3 nm 











Figure 3.14: Pore height characterization (GNR set 1 of 3) for decreasing voltage from – 2.5 
V to – 2.0 V with current I = 0.1 nA at room temperature on a H:Si(100) substrate. STM of porous 
GNR at (a) U = – 2.5 V, (b) U = – 2.3 V, and (c) U = – 2.0 V with the pores clearly visible in all 
three STM images. The white lines in (a) – (c) are height profiles taken from left to right. (d) 
Height characterization of the first row of pores on the GNR along the white lines in (a) – (c). Pore 
height at U = – 2.5 V bias (black-dotted) measured as 0.48 nm and 0.5 nm. Pore height at U = – 2.3 
V bias (red-dashed) measured as 0.5 nm and 0.58 nm. Pore height at U = – 2.0 V bias (blue) 
measured as 0.5 nm and 0.53 nm. Increasing the voltage bias above – 2.0 V does not significantly 










Figure 3.15: Pore height characterization of GNR in Figure 3.14 (GNR set 2 of 3). STM images 
of the porous GNR on H:Si(100) with current I = 0.1 nA at room temperature. STM of porous 
GNR at (a) U = – 2.5 V, (b) U = – 2.3 V, and (c) U = – 2.0 V with the pores clearly visible in all 
three STM images. The white lines in (a) – (c) are height profiles taken from left to right. (d) 
Height characterization of the second row of pores on the GNR along the white lines in (a) – (c). 
Pore height at U = – 2.5 V bias (black-dotted) measured as 0.63 nm and 0.6 nm. Pore height at U 
= – 2.3 V bias (red-dashed) measured as 0.63 nm and 0.58 nm. Pore height at U = -2.0 V bias 
(blue) measured as 0.58 nm and 0.58 nm. Increasing the voltage bias above -2.0 V does not 







Figure 3.16: Pore height characterization of GNR in Figure 3.14 (GNR set 3 of 3). STM images 
of the porous GNR on H:Si(100) with current I = 0.1 nA at room temperature. STM of porous 
GNR at (a) U = – 2.5 V, (b) U = – 2.3 V, and (c) U = – 2.0 V with the pores clearly visible in all 
three STM images. The white lines in (a) – (c) are height profiles taken from left to right. (d) 
Height characterization of the third row of pores on the GNR along the white lines in (a) – (c). 
Pore height at U = – 2.5 V bias (black-dotted) measured as 0.58 nm and 0.55 nm. Pore height at U 
= – 2.3 V bias (red-dashed) measured as 0.55 nm and 0.48 nm. Pore height at U = – 2.0 V bias 
(blue) measured as 0.58 nm and 0.55 nm. Increasing the voltage bias above – 2.0 V does not 








Figure 3.17: Pore height characterization of GNR in Figure 3.14 (GNR set 1 of 2). STM images 
of the porous GNR on H:Si(100) with current I = 0.1 nA at room temperature. STM of porous 
GNR at (a) U = – 2.5 V, (b) U = – 2.3 V, and (c) U = – 2.0 V with the pores clearly visible in all 
three STM images. The white lines in (a) – (c) are height profiles taken from bottom to top. (d) 
Height characterization of the first column of pores on the GNR along the white lines in (a) – (c). 
Pore height at U = – 2.5 V bias (black-dotted) measured as approximately 0.43 nm, 0.43 nm, 0.45 
nm, 0.45 nm and 0.4 nm. Pore height at U = – 2.3 V bias (red-dashed) measured as 0.43 nm, 0.55 
nm, 0.5 nm, 0.52 nm and 0.48 nm. Pore height at U = – 2.0 V bias (blue) measured as 0.4 nm, 0.55 
nm, 0.5 nm, 0.5 nm and 0.4 nm. GNR bulk height measured at U = – 2.0 V as approximately 0.22 










Figure 3.18: Pore height characterization of GNR in Figure 3.14 (GNR set 2 of 2). STM images 
of the porous GNR on H:Si(100) with current I = 0.1 nA at room temperature. STM of porous 
GNR at (a) U = – 2.5 V, (b) U = – 2.3 V, and (c) U = – 2.0 V with the pores clearly visible in all 
three STM images. The white lines in (a) – (c) are height profiles taken from bottom to top. (d) 
Height characterization of the second column of pores on the GNR along the white lines in (a) – 
(c). Only the last three pores are taken in this measurement due to the large white region in the 
bottom right of the GNR due to tip-deposition. Pore height at U = – 2.5 V bias (black-dotted) 
measured as approximately 0.43 nm, 0.43 nm and 0.4 nm. Pore height at U = – 2.3 V bias (red-
dashed) measured as approximately 0.4 nm, 0.42 nm and 0.4 nm. Pore height at U = – 2.0 V bias 
(blue) measured as approximately 0.4 nm, 0.4 nm, and 0.4 nm. Increasing the voltage bias above 















Figure 3.19: Height characterization of a porous GNR for range of voltages with current I = 
0.1 nA at room temperature on a H:Si(100) substrate. Height profiles are calculated along the white 
lines from bottom to top in the STM images and then plotted. The zero mark for the GNR height 
is set as the top of the H:Si(100) dimer rows on the bottom side of the GNR because this is the side 
of which the GNR height is measured. (a) STM image of porous GNR with applied bias of – 2.0 
V. (b) GNR height is measured as 0.34 nm at – 2.0 V. (c) STM image of porous GNR with applied 















Figure 3.19 (continued): (e) STM image of porous GNR with applied bias of – 1.3 V. (f) GNR 
height is measured as 0.30 nm at – 1.3 V.  (g) STM image of porous GNR with applied bias of 
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POROUS GNR SPECTROSCOPY 
CHARACTERIZATION 
 
4.1 Scanning Tunneling Spectroscopy 
Scanning tunneling spectroscopy (STS) is used to analyze the electronic features of the 
porous GNR. STS measurements are calibrated by collecting point spectroscopy on the 
H:Si(100) surface and ensuring the bandgap measurement corresponds to 1.1 eV for 
silicon. For example, tip issues can be identified; larger bandgaps measured on the 
H:Si(100) substrate indicate a possible oxide layer formation on the tungsten tip used in 
these experiments. These large bandgap values can range all the way up to 2.5 eV on the 
H:Si(100) substrate, rendering subsequent measurements on the GNR as qualitative results 
only. The bandgap value for silicon as 1.1 eV is referenced from the Handbook of 
Chemistry and Physics [1]. 
STS point spectroscopy is collected at 50 points along a specified line. At each point, 
20 I-V measurements are collected and averaged. The location and angle of the STS data 
line is selected by following the basic criteria:  
 
1. Enough clean H:Si(100) is captured before the GNR for calibration purposes. 
2. The angle and location of the line is set across the GNR to capture pores, bulk GNR 




3. The STS line does not intersect large areas of deposited material that could ruin the 
tip. 
4. Line length corresponds to the density of the 50 STS measurement data points and 
crosses the area of interest for the measurement. 
5. Slight thermal drift between scans can move the tip-sample location. The STS line 
location must also take this into account. 
 
Figure 4.1a shows a porous GNR with STS point spectroscopy collected along the 
linear tract indicated by the white line. STS measurements are collected moving from left 
to right; the same direction as STM scanning. Figure 4.1b is the corresponding I-V spectra 
map for the STS measurement. The depressions between the silicon dimer rows on the 
H:Si(100) surface are observed in the spectra map as undulations when observing the 
spectra map from left to right. These undulations are best observed near the top of the 
spectra map, such as in Figure 4.1b. Each dimer row is characterized by a peak-valley-peak 
in the undulations in the spectra map colored as red. This characteristic provides 
confirmation of the atomic-level sensitivity in the STS measurement. 
Three white dots are displayed in Figure 4.1a along the linear tract indicated by the 
white line. These are used to call out three bandgap values in the spectra map. The accuracy 
of the STS measurements is confirmed with the first callout dot (far left) on the H:Si(100) 
substrate. The bandgap measure here is 1.17 eV that is in good compliance with the 
expected value of 1.1 eV for the H:Si(100).  
A pore effect is observed when comparing the bandgap values for the bulk GNR and 




4.1a with a value of 1.77 eV in Figure 4.1b. The pore bandgap value is measured at the 
third dot (far right) with a value of 2.53 eV. These values are summarized in Table 4.1. 
Figure 4.1c shows that the undulations due to the H:Si(100) dimer rows appear for 
applied bias voltages more positive than – 2.0 V within the GNR region of the spectra map. 
In particular, it was observed in chapter 3 that this GNR is semi-transparent at – 1.5 V and 
non-transparent at – 2.0 V. A white dashed line is used at – 1.5 V to show that the silicon 
dimer row undulations are measured in the STS spectra. This is consistent with the semi-
transparency to the underlying silicon dimer rows at this applied bias voltage. A second 
white dashed line at – 2.0 V shows that there are no silicon dimer row undulations, 
consistent with the non-transparent observation at this applied bias voltage. 
 
Table 4.1: Bandgap values for the GNR in Figure 4.1 
Figure H:Si(100) Bulk GNR Pore 
4.1 1.17 eV 1.77 eV 2.53 eV 
 
Typically, a region with a greater bandgap would appear darker in the STM topographic 
image. This is because the STM topographic image is a contour plot of the local density of 
states (LDOS) obtained by integrating the density of states times the tunneling transmission 
coefficient from the quasi Fermi level of the probe to the quasi Fermi level of the sample. 
The quasi Fermi levels are displaced from each other by the applied bias voltage. A large 
bandgap means there is a large region of energy values that are forbidden, i.e. no density 
of states, for the electron to transfer to, meaning there is a low LDOS. For example: a 




The dangling bond appears as a bright protrusion due to the high LDOS which causes the 
STM tip to retract away from the H:Si(100) surface in order to maintain constant tunneling 
current. STS measurements indicate metallic behavior of the dangling bond thereby 
confirming the high LDOS.  
However, here the pores appear as bright protrusions despite the considerably larger 
bandgap values. The large bandgap indicates a very low LDOS and we would therefore 
expect the pore sites to appear as dark depressions rather than as bright protrusions.  
Figure 4.2 shows the I-V curves for the called-out bandgap measurements in Figure 
4.1. The blue curve is the I-V measured on the H:Si(100) substrate (Figure 4.1a far left 
white dot). The red dashed curve is the I-V measured on the bulk GNR (Figure 4.1a middle 
white dot). The black dotted curve is the I-V measured on the GNR pore (Figure 4.1a far 
right white dot). 
The beginning of the valence and conduction bands (known as the band onsets) are 
identified as the sharp change in slope moving from the bandgap. The bandgap is the flat, 
middle portion of the three curves where the measured tunneling current hits the noise floor 
(approximately 10-14 A).  
In Figure 4.2, the valence band onsets occur at negative sample biases and the 
conduction band onsets occur at positive sample biases. The bandgaps for the 
measurements on the H:Si(100) substrate, the GNR pore and bulk GNR are called out with 
the horizontal arrows. It is clearly observed that the presence of the pore in the GNR opens 
the bandgap by about 0.8 eV compared to that of the bulk GNR. 
STS measurements are collected for another porous GNR in which the linear tract of 




the length of the GNR (Figure 4.5). At each of the 50 points, 20 I-V measurements are 
collected and then averaged. The white call-out dots in the STM topographic images 
correspond to the plotted I-V curves for Figures 4.3 and 4.5. 
Three white dots are displayed in Figure 4.3a along the linear tract indicated by the 
white line. The accuracy of the STS measurements are confirmed with the first callout dot 
(Figure 4.3a far left white dot) on the H:Si(100) substrate. The bandgap measure here is 
1.11 eV, which is the expected value for the H:Si(100).  
A pore effect is again observed when comparing the bandgap values for the GNR pore 
and the GNR bulk. Here, the second white dot (Figure 4.3a middle dot) is at the GNR pore 
which has a measured bandgap value of 2.50 eV. The third white dot is on bulk GNR 
material (Figure 4.3a far right dot) which has a measured bandgap value of 1.58 eV. These 
values are summarized in Table 4.2. 
 
Table 4.2: Bandgap values for the GNR in Figure 4.3 
Figure H:Si(100) Bulk GNR Pore 
4.3 1.11 eV 1.58 eV 2.50 eV 
 
 
The spectra map in Figure 4.3b clearly shows the effect of the GNR pore on the 
bandgap. A prominent decrease in the middle of the map and increased values on either 
side indicate the presence of the pore on the left side of the GNR and a pore on the right 




STS point spectroscopy measurements in the direction of the GNR length again 
demonstrate the pore effect (Figure 4.5). STS measurements are collected along the linear 
tract indicated by the white line moving from bottom to top (Figure 4.5a). The white dots 
in Figure 4.5a are used to callout the bandgap values for the H:Si(100) substrate, the GNR 
pore and the bulk GNR in the I-V spectra map (Figure 4.5b). The accuracy of the STS 
measurements are confirmed with the first callout dot (Figure 4.5a far left white dot) on 
the H:Si(100) substrate. The bandgap measure here is 1.13 eV that is in good compliance 
with the expected value of 1.1 eV for the H:Si(100). 
A pore effect is again observed when comparing the bandgap values for the GNR pore 
and the GNR bulk. Here, the second white dot (Figure 4.5a middle white dot) is at the GNR 
pore which has a measured bandgap value of 2.48 eV. The third white dot is on bulk GNR 
material (Figure 4.5a far right white dot) which has a measured bandgap value of 1.51 eV. 
These values are summarized in Table 4.3. 
 
Table 4.3: Bandgap values for the GNR in Figure 4.5 
Figure H:Si(100) Bulk GNR Pore 
4.5 1.13 eV 1.51 eV 2.48 eV 
 
 
Figure 4.4 shows the I-V curves for the called-out bandgap measurements in Figure 
4.3. The blue curve is the I-V measured on the H:Si(100) substrate (Figure 4.3a far left). 
The red dashed curve is the I-V measured on the bulk GNR (Figure 4.3a far right). The 




bandgaps for the measurements on the H:Si(100) substrate, the GNR pore and bulk GNR 
are called out with the horizontal arrows. Again, the presence of the pore is observed to 
significantly open the bandgap compared to the bulk GNR bandgap and H:Si(100) 
bandgap. 
Figure 4.6 shows the I-V curves for the called-out bandgap measurements in Figure 
4.5. The blue curve is the I-V measured on the H:Si(100) substrate (Figure 4.5a far left). 
The red dashed curve is the I-V measured on the bulk GNR (Figure 4.5a far right). The 
black dotted curve is the I-V measured on the GNR pore (Figure 4.5a: middle). The 
bandgaps for the measurements on the H:Si(100) substrate, the GNR pore and bulk GNR 
are called out with the horizontal arrows. This plot is in agreement with Figure 4.2 and 
Figure 4.4 in that the presence of the pore significantly opens the bandgap compared to the 
bulk GNR and H:Si(100) substrate. 
Scanning conditions for Figures 4.1, 4.3 and 4.5 are a voltage bias of U = – 2.0 V and 
current I = 0.1 nA at room temperature. The average bandgap for the graphene nanopore is 
found to be 2.50 ± 0.02 eV while the average bandgap for the bulk GNR is found to be 
1.62 ± 0.11 eV. 
 
4.2 Density of States 
Analyzing the density of states (DOS) is a useful method to understand the subtle 
electronic characteristics of the for the porous GNRs on H:Si(100). From the tunneling I-
V data the DOS is calculated as (dI/dV)/(I/V). In this calculation the exponential 
dependence of tunneling current with tip-sample distance cancels in the numerator and 




different tip-sample distances all collapse to the same curve [2]. The DOS are calculated 
for three porous GNRs on H:Si(100) substrates. 
The DOS for the porous GNR is calculated along the white line from left to right in the 
STM topographic image in Figure 4.7a and plotted as a spectra map in Figure 4.7b. The 
yellow, blue and red dots in the STM topographic image (Figure 4.7a) are used to extract 
slices in the DOS spectra map and are plotted as individual curves with matching colors in 
Figures 4.8–4.10. The yellow dot is the measurement on the H:Si(100), the red dot is the 
GNR pore measurement, and the blue dot is the bulk GNR measurement. Low levels of 
DOS appear as black and high-levels of DOS appear as white in the spectra map (Figure 
4.7b). 
The first DOS slice in the spectra map (Figure 4.7b) occurs with the yellow-dashed 
vertical line corresponding to the H:Si(100) substrate in Figure 4.7a. In the spectra map, it 
is evident that the H:Si(100) substrate has high levels of DOS in the conduction bands and 
low levels of DOS in the valence band. This is seen clearly when the individual curve is 
plotted as DOS versus sample bias in Figure 4.8. Smooth transitions occur for the 
H:Si(100) valence and conduction bands from the bandgap. 
The red-dashed vertical line in Figure 4.7b corresponds to the DOS slice for the GNR 
pore site. The blue-dashed vertical line in Figure 4.7b corresponds to the DOS slice for the 
bulk GNR. Figure 4.9 is the individual curve of DOS versus sample bias for the GNR pore. 
The increased bandgap is observed as well as slight modulations within the bandgap. These 
may be due to divergences as well as substrate states centered at approximately 0.85 V. 
Figure 4.10 is the individual curve of DOS versus sample bias for the bulk GNR. There are 




Figures 4.9 and 4.10 are observed in the spectra map as the bright specks occurring within 
the bandgap in Figure 4.7a. These narrow bandgap spikes may be calculation artifacts and 
are therefore non-physical features. The non-physicality of these spikes is discerned due to 
their widths being less than the approximate 3.5 kT broadening expected for room 
temperature STS measurements.  
The GNR also exhibits unique features in the valence band compared to the 
surrounding substrate. Figure 4.7b shows very high DOS values within the GNR valence 
band whereas the H:Si(100) substrate does not exhibit this feature. Moderate DOS values 
in the valence band for the H:Si(100) appear as orange whereas very high DOS values in 
the GNR valence band appear as white.  
Figure 4.11a is the STM topographic image for a second porous GNR on H:Si(100). 
The DOS spectra in Figure 4.11b is calculated along the white line in Figure 4.11a moving 
from bottom-left to top-right on the line. The yellow, red and blue dots in Figure 4.11a are 
used to extract slices in the DOS spectra map and plotted as individual curves with 
matching colors in Figures 4.12–4.14. The yellow dot is the measurement on the H:Si(100), 
the red dot is the GNR pore measurement, and the blue dot is the bulk GNR measurement. 
Figure 4.12 is the DOS versus sample bias extracted along the yellow-dashed line in 
Figure 4.11b. The spikes in the H:Si(100) bandgap correspond to the bright specks that 
appear in the bandgap seen in the DOS spectra map in Figure 4.11b. These can be attributed 
to calculation artifacts. Comparing the DOS versus sample bias plots for the measurement 
on the GNR pore (Figure 4.13) to the measurement on the bulk GNR (Figure 4.14) shows 




Figure 4.15a is the STM topographic image for the second porous GNR on H:Si(100), 
except this time the DOS is calculated moving along the width of the GNR rather than the 
length as was the case in Figure 4.11. The DOS spectra in Figure 4.15b are calculated along 
the white line in Figure 4.15a moving from bottom-left to top-right on the line. The yellow, 
blue and red dots in Figure 4.15a are used to extract slices in the DOS spectra map and 
plotted as individual curves with matching colors in Figures 4.16–4.18. The yellow dot is 
the measurement on the H:Si(100), the red dot is the GNR pore measurement, and the blue 
dot is the bulk GNR measurement. Again, calculation artifacts are seen in Figures 4.16–
4.18 in the bandgap as spiked peaks. The presence of the pore again opens the bandgap 
significantly compared to the bulk GNR as seen when comparing Figure 4.17 
(measurement on the GNR pore) and Figure 4.18 (measurement on the bulk GNR). 
Figures 4.11 and 4.15 are in agreement with Figure 4.7 in that there is a significantly 
high level of DOS in the GNR valence band (observed as bright white) compared to the 
H:Si(100) substrate. The DOS for the H:Si(100) substrate are moderately high in the 
conduction band and observed as orange colored in the DOS spectra map. 
Another observation that can be made from the DOS data is the visibility of the 
H:Si(100) valence band DOS within the GNR gap. Figures 4.8, 4.12, and 4.16 show a 
pronounced H:Si(100) DOS peak centered between -0.6V and -1.1V for data acquired on 
the substrate. Figures 4.9, 4.13, and 4.17 indicate that this same peak is visible in the DOS 
spectra acquired at the pore site. Likewise, this peak is also observed in Figures 4.10, 4.14, 
and 4.18 for the DOS spectra acquired over the bulk GNR regions. Furthermore, the 
substrate DOS peaks appear more pronounced over for the bulk GNR regions than for the 




this is that the tip is closer to the substrate for the bulk GNR than for the pore, since the 
pore appears as a topographic protrusion. Consequently, there is a higher tunneling 
transmission coefficient for substrates states through the bulk GNR than through the pore. 
The H:Si(100) and GNR conduction bands are more closely aligned in energy than the 
valence bands, making it difficult to observe the substrate conduction band through the 
GNR. 
 
4.3 DFT/GW and PDOS Simulations 
First-principles density functional theory (DFT) simulations were carried out by Amir 
Taqieddin in Professor Narayana Aluru’s group. First-principles computation simulations 
are used to elucidate the nature of the observed pore effect. Figure 4.19 is the calculated 
band structure for an infinite porous GNR using density functional theory (DFT) (blue 
curve) and GW approximation (red curve). Periodic boundary conditions are used with the 
unit cell outlined with the black rectangle on the porous GNR schematic. DFT predicts a 
bandgap value of 1.325, however, it is well known that DFT underestimates bandgap 
values up to as much as 50% the actual value [3]. The GW approximation predicts a 
bandgap value of 2.893 eV.  
The projected density of states (PDOS) for the simulated porous GNR in Figure 4.19 
is shown in Figure 4.20a. The DFT-simulated normalized local density of states (LDOS) 
maps for the states 1–8 are in Figure 4.20b. States 1–4 are in the GNR valence band and 
states 5–8 are in the conduction band. The energy axis values are arbitrary. It is the 
difference between states 4 and 5 that is of interest for the bandgap and the relative 




An observation is that there is a certain anti-symmetry in the plotted PDOS states 
between the valence and conduction band (Figure 4.20b). Starting at the bandgap edges we 
see and anti-symmetry in that the interior states of the GNR light up in state 4 (the GNR 
valence band edge) whereas the edge states of the GNR light up in state 5 (the GNR 
conduction band edge). Moving onto the first valence band state (state 3) and the first 
conduction band state (state 6), there is a symmetry where both the interior and edge states 
light up with the same periodicity occurring between interior, edge, interior, edge, etc. for 
states 3 and 6. States 2 and 7 display a somewhat symmetry/anti-symmetry behavior where 
both the interior and edge states are observed in state 2 where only the interior states are 
observed in state 7 and are much brighter (higher DOS values) compared to state 2. States 
1 and 8 (the deepest valence and conduction band states) display an anti-symmetry where 
the edges are dominant in state 1 and the interior of the GNR is dominant in state 8. These 
observations are consistent with the observation that a difference in electronic structure for 
the GNR pore is evident compared to the GNR bulk. 
 
4.4 Current Imaging Tunneling Spectroscopy 
Current imaging tunneling spectroscopy (CITS) is a technique used to elucidate the 
spatial distribution of the local density of states on a given STM topographic image. I-V 
measurements are taken over a 100 × 100 point scan where the porous GNR electronic 
landscape is examined on the H:Si(100) substrate. A total of 512 measurements were 
collected at each of the points with the bias ranging between – 2 and +2 V. The DOS for 
each of the 512 measurements can be calculated. The 512 DOS measurements can be 




features. By doing so, the pores are clearly observed to have a separate electronic nature 
than the bulk GNR and H:Si(100) substrate. 
Two sets of CITS data were collected for a porous GNR. Figure 4.21 shows the first 
set of CITS data. Figure 4.21a is the STM topographic image of the porous GNR after all 
CITS measurements are collected. Eight pores are visible and outlined with the white-
dashed circles in Figure 4.21b. The GNR is outlined by white lines. 
Figure 4.21c is the CITS topograph where features are grouped and color coded based 
on similar electronic structure. This process is known as ‘pixel mapping’. The GNR is 
outlined by white lines. The H:Si(100) substrate corresponds most with the red pixels and 
the silicon dimer rows are observed. The bulk of the GNR corresponds most with the green 
pixels. The GNR pores indicate a unique electronic signature corresponding with the blue 
pixels and distinguished from the GNR backbone.  
Figure 4.21d plots the pixel map corresponding to the colored CITS topograph in 4.21c 
and indicates regions of similar electronic characteristics by outlined circles. An order of 
precedence is used for the circles where red is the first order, green the second and blue the 
third. Blue picks up all of the pixels not gathered by the first two circles. 
Figure 4.22a is the CITS topograph collected in the second CITS measurement where 
the GNR is outlined by white lines. Six pores are visible and outlined with the white-dashed 
circles in Figure 4.22b. The colored CITS topograph in Figure 4.22c shows a distinction 
between the GNR pores and GNR bulk and substrate material (purple pixels). However, 
the GNR bulk material here is indistinguishable from the substrate so both are plotted as 




GNR bulk electronic features by the green circle with first order of precedence and the 
GNR pores by the purple circle with second order of precedence.  
 
4.5 CITS Simulations of Porous GNR 
First-principles density functional theory (DFT) simulations were carried out by Amir 
Taqieddin in Professor Narayana Aluru’s group.  
The simulated local density of states (LDOS) are plotted in Figure 4.23 for an isolated 
infinite long porous GNR. States 1–8 are included for distances 1 through 4 Å from the 
GNR plane. States 1–4 occur in the GNR valence band and states 5–8 occur in the 
conduction band. State 4 is the valence band edge and state 5 is the conduction band edge.  
The first observation here occurs at the valence and conduction band edges (states 4 
and 5) when measured at different distances. Increasing the tip distance from 1 to 2 Å above 
the GNR does not change the observed LDOS for both the conduction and valence bands. 
However, increasing to 3 Å above the GNR changes the observance of the valence band 
edge (state 5) from interior and edge states, to dominantly edge states. Similarly, the 
conduction band states go from showing both interior and edge states to dominantly interior 
states. This anti-symmetric behavior is consistent with the PDOS for the GNR simulated 
in Figure 4.20.  
At distances 2–4 Å from the GNR, states 1 and 8 (the deepest valence and conduction 
band states, respectively) exhibit an anti-symmetric behavior where the edge states are 
dominant in the valence band and the interior states are dominant in the conduction band.  
Chapter 5 discusses the differences for the experimental measurement observations in 




4.6 Questions Raised Summary 
 
Here is the summary of questions raised in this chapter. They are answered in chapter 
5. The sections that they are answered in are included for each raised question. 
 
 Why does the presence of pores significantly increase the bandgap? (sec. 4.1) 
o see Section 5.2 
 Why are the DOS spectra bright in the conduction and valence bands of the 
GNR and just the conduction band in the H:Si(100)? 
o Section 5.4: see Question 11 
 What causes the discrepancy between CITS and simulated CITS? 
o Section 5.4: see Question 12 
 Why would we not expect to see the same type of protrusions for these porous 
GNRs at the pore sites if the STM measurements were taken on a Au(111) 
substrate compared to the H:Si(100) substrate used in these experiments? 
o Section 5.4: see Question 13 
 Is it expected to see the same bias effect for positive biases such as + 2.0 V and 
+ 1.5 V? 











Figure 4.1: (a) STM image of porous GNR (U = – 2.0 V, I = 0.1 nA, T = RT). (b) STS spectra map 
taken along white line in (a). White dots correspond to the called-out bandgaps in the spectra map. 
The silicon bandgap confirmed at 1.1 eV. The GNR interior bandgap is measured as 1.77 eV and 
the pore bandgap is measured as 2.53 eV. STS spectra for individual dimers indicate atomic 
resolution in the measurement. (c) STS spectra map shows there are no undulations due to the 
H:Si(100) dimer rows when the applied bias is – 2.0 V and the GNR is non-transparent. There are 









Figure 4.2: I-V curves corresponding to the white dots in Figure 1 (a). The blue curve goes with 
the first white dot (far left) on the H:Si(100) substrate. The red dashed curve goes with the second 
white dot (middle) on the GNR bulk. The black dotted curve goes with the third white dot (far 






Figure 4.3: (a) STM image of porous GNR (U = – 2.0 V, I = 0.1 nA, T = RT). (b) STS spectra map 
taken along white line in (a). White dots correspond to the called-out bandgaps in the spectra map. 
The silicon bandgap is confirmed as 1.1 eV. The GNR interior bandgap measures as 1.58 eV and 







Figure 4.4: I-V curves corresponding to the white dots in Figure 1 (a). The blue curve goes with 
the first white dot (far left) on the H:Si(100) substrate. The red dashed curve goes with the third 
white dot (far right) on the GNR bulk. The black dotted curve goes with the second white dot 







Figure 4.5: (a) STM image of porous GNR (U = – 2.0 V, I = 0.1 nA, T = RT). (b) STS spectra map 
taken along white line in (a). The silicon bandgap is confirmed at 1.1 eV, the pore bandgap 








Figure 4.6: I-V curves corresponding to the white dots in Figure 1 (a). The blue curve goes with 
the first white dot (bottom left) on the H:Si(100) substrate. The red dashed curve goes with the 
second white dot (middle) on the GNR bulk. The black dotted curve goes with the third white dot 







Figure 4.7: (a) STM topographic image of a porous GNR on H:Si(100) (U = – 2.0 V, I = 0.1 
nA, T = RT). (b) Normalized DOS spectra map calculated along white line in (a). The yellow, blue 
and red dots in (a) correspond to the dashed yellow, blue and red vertical lines in (b). These vertical 
lines are used to extract individual curves for the H:Si(100) substrate (yellow), the measurement 
on the bulk GNR (blue) and the measurement on the GNR pore (red). The individual curves are 
plotted in Figures 4.8–4.10. High DOS levels in the spectra map in (b) correspond to the white 
coloring and low DOS levels correspond to the black coloring. The units for the DOS are arbitrary 








Figure 4.8: Individual DOS versus sample bias curve extracted along the yellow-dashed 








Figure 4.9: Individual DOS versus sample bias curve extracted along the red-dashed vertical 
line in the DOS spectra map in Figure 4.7b. This measurement corresponds to the GNR pore. 







Figure 4.10: Individual DOS versus sample bias curve extracted along the blue-dashed vertical 
line in the DOS spectra map in Figure 4.7b. This measurement corresponds to the bulk GNR. 










Figure 4.11: (a) STM topographic image of porous GNR on H:Si(100) (U = – 2.0 V, I = 0.1 
nA, T = RT). (b) Normalized DOS spectra map calculated along white line in (a). The yellow, blue 
and red dots in (a) correspond to the dashed yellow, blue and red vertical lines in (b). These vertical 
lines are used to extract individual curves for the H:Si(100) substrate (yellow), the measurement 
on the bulk GNR (blue) and the measurement on the GNR pore (red). The individual curves are 
plotted in Figures 4.12–4.14. High DOS levels in the spectra map in (b) correspond to the white 
coloring and low DOS levels correspond to the black coloring. The units for the DOS are arbitrary 







Figure 4.12: Individual DOS versus sample bias curve extracted along the yellow-dashed 
vertical line in the DOS spectra map in Figure 4.11b. This measurement corresponds to on the 







Figure 4.13: Individual DOS versus sample bias curve extracted along the red-dashed vertical 
line in the DOS spectra map in Figure 4.11b. This measurement corresponds to on the GNR pore. 







Figure 4.14: Individual DOS versus sample bias curve extracted along the blue-dashed vertical 
line in the DOS spectra map in Figure 4.11b. This measurement corresponds to on the bulk GNR. 










Figure 4.15: (a) STM topographic image of porous GNR on H:Si(100) (U = – 2.0 V, I = 0.1 
nA, T = RT). (b) Normalized DOS spectra map calculated along white line in (a). The yellow, blue 
and red dots in (a) correspond to the dashed yellow, blue and red vertical lines in (b). These vertical 
lines are used to extract individual curves for the H:Si(100) substrate (yellow), the measurement 
on the bulk GNR (blue) and the measurement on the GNR pore (red). The individual curves are 
plotted in Figures 4.16–4.18. High DOS levels in the spectra map in (b) correspond to the white 
coloring and low DOS levels correspond to the black coloring. The units for the DOS are arbitrary 









Figure 4.16: Individual DOS versus sample bias curve extracted along the yellow-dashed 
vertical line in the DOS spectra map in Figure 4.15b. This measurement corresponds to the 







Figure 4.17: Individual DOS versus sample bias curve extracted along the red-dashed vertical 
line in the DOS spectra map in Figure 4.15b. This measurement corresponds to the GNR pore. 






Figure 4.18: Individual DOS versus sample bias curve extracted along the blue-dashed vertical 
line in the DOS spectra map in Figure 4.15b. This measurement corresponds to the bulk GNR. 








Figure 4.19: Band structure calculated using DFT (blue curve and GW (red curve) for an 
infinite porous GNR. A black rectangle outlines the unit cell used for the calculations. Periodic 
boundary conditions were used. DFT calculates a bandgap value of 1.325 eV and GW calculates 










Figure 4.20: (a) Projected density of states (PDOS) for simulated porous GNR in Figure 4.19. 
(b) DFT-simulated normalized local density of states (LDOS) maps for the states 1-8 called out in 






Figure 4.21: CITS data distinguishing the GNR pores from the GNR bulk material and 
H:Si(100) substrate. (a) CITS topograph of a porous GNR on a H:Si(100) substrate. (b) GNR is 
outlined by white lines and eight pores are outlined by white dashed circles. (c) Colored CITS 
topograph where regions of similar electronic structure are highlighted as either red, blue or green 
pixels. The H:Si(100) substrate is highlighted by the red pixels where the silicon dimer rows are 
visible. The GNR bulk material corresponds most with the green pixels and the eight GNR pores 
correspond most with the blue circles. (d) Pixel map corresponding to (c) where the pixels are 
clustered based on electronic similarities. The red circle gets first order of precedence followed by 








Figure 4.22: CITS data distinguishing the GNR pores from the GNR bulk material and 
H:Si(100) substrate. (a) CITS topograph of porous a GNR on a H:Si(100) substrate. (b) GNR is 
outlined by white lines and six pores are outlined by white dashed circles. (c) Colored CITS 
topograph where regions of similar electronic structure are highlighted as either green or purple 
pixels. The H:Si(100) substrate is highlighted by the red pixels where the silicon dimer rows are 
visible. The GNR bulk material corresponds most with the green pixels and the six GNR pores 
correspond most with the purple circles. (d) Pixel map corresponding to (c) where the pixels are 
clustered based on electronic structure similarities. The green circle gets first order of precedence 











Figure 4.23: Simulated local density of states of the porous GNR. States 1–8 are plotted at 
heights 4 Å to 1 Å above the GNR plane. The simulated features are used to better understand the 
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EXPLANATIONS OF OBSERVATIONS 
 
5.1 Introduction 
The STM and STS data presented in chapters 3 and 4 revealed three unique electronic 
feature observations at the pore sites of the porous GNR. These observations are: 
 
1. Protrusions were observed at the pore sites when intuition would suggest 
depressions at the pore sites. 
2. The protrusions at the pore sites turn on and off with reproducibility and 
reversibility depending on the applied bias voltage of the STM. 
3. There is an increased bandgap at the pore sites. 
 
At first, it seemed that these three observations were evidence for a single phenomenon. 
However, it is now clear that there are two phenomena happening at the same time. This 
chapter will provide explanations for these experimentally measured observations and 
discuss the underlying phenomena.  
In chapter 3, STM topographic imaging confirmed the trapezoidal shape of the porous 
GNR and provided measurements for the width and bulk height of the GNR. The pores 
were observed with expected periodicity, however, protrusions were observed at the pore 
sites rather than the intuitive alternatives, such as depressions. Furthermore, the protrusions 




applied STM scanning bias. The applied bias voltage also determined whether a semi-
transparency effect of the underlying H:Si(100) substrate would be observed through the 
GNR. 
In chapter 4, an increased bandgap was observed at the pore sites compared to the 
surrounding bulk GNR material. Both of these bandgap measurements are greater than the 
underlying H:Si(100) substrate bandgap. 
Here, in chapter 5, explanations are provided for these unique observations. The 
background information presented in chapter 2 discussing the physics of the STM 
operation (section 2.5) and general orbital physics (section 2.6) will be used as part of the 
explanations. First-principles density functional theory (DFT) simulations carried out by 
Amir Taqieddin in Professor Narayana Aluru’s group are used to further solidify the 
explanations.  
This chapter is organized as follows. Section 5.2 explains the increased bandgap at the 
pore sites compared to the surrounding bulk GNR material. Section 5.3 explains the 
protrusions at the pore sites. The observation that the protrusions turn on and off with 
reproducibility and reversibility is also explained in section 5.3. Section 5.4 provides 
explanations for the other frequently asked questions regarding the porous GNR 
experimental measurements and the underlying phenomena. Figures and references are 
included in sections 5.5 and 5.6, respectively. 
*** Please note that in this dissertation, the STM tip is used as virtual ground and 






5.2 Explanations Part 1: Increased Bandgap 
STS measurements presented in chapter 4 showed an increased bandgap at the pore 
sites. Figure 5.1 shows the STM topographic images and the corresponding STS spectra 
map discussed in chapter 4. The bulk GNR bandgap and GNR pore site bandgap values are 
averaged for these three GNR measurements and presented in Table 5.1. 
 
Table 5.1: Experimentally measured bandgap values for the porous GNR bulk 
material and at the pore sites. 
 Experimental 
bandgap (eV) 
Bulk GNR 1.62 ± 0.11 
Pore 2.50 ± 0.02 
 
First-principles computation simulations are used to elucidate the phenomenon that 
causes an increased bandgap measurement due to the presence of the pores. First-principles 
density function theory (DFT) simulations are carried out by Amir Taqieddin in Professor 
Narayana Aluru’s group.  
Figure 5.2 is the calculated band structure for an infinite porous GNR using density 
functional theory (DFT) (blue curve) and GW approximation (red curve). Periodic 
boundary conditions are used with the unit cell outlined with the black rectangle on the 
porous GNR schematic. Bandgap values are measured at the gamma point. DFT predicts a 
bandgap value of 1.325, however, it is well known that DFT underestimates bandgap 
values up to as much as 50% the actual value [1]. GW approximation predicts a bandgap 




5.2. These computed results show that the porous GNR has a higher bandgap than the non-
porous GNR. 
For comparison, DFT and GW approximation simulations were calculated for the non-
porous GNR case. The non-porous GNR case is an N = 15 AGNR (armchair GNR with 
width of 15 carbon atoms). The non-porous GNR is the same structure as the porous GNR 
but with benzene rings filling in the pore sites. In the non-porous GNR case for an infinite 
non-porous GNR, DFT predicts a bandgap of 0.57 eV. GW approximation for the non-
porous infinite GNR predicts a bandgap of 1.33 eV. Bandgap values for the simulated non-
porous GNR are displayed in Table 5.2. Figure 5.3 is the calculated band structure for the 
infinite non-porous GNR using DFT (blue curve) and GW approximation (red curve). 
Bandgap values are measured at the gamma point. The periodic boundary conditions on 
the GNR are outlined with the black rectangle. 
 
Table 5.2: Bandgap values for the simulated infinite porous GNR in Figure 5.2 and 







Porous GNR  1.325 2.893 
Non-porous GNR  0.57 1.33 
 
Quantum confinement effects previously demonstrated that by taking a sheet of 
graphene (which exhibits metallic behavior) and reducing the width to a few nanometers 
to form a GNR, a bandgap opens up comparable to the bandgap of silicon [2]. Additionally, 
the bandgap is dependent on the width of the GNR, increasing up to 2.0 eV or more for 




In much the same way, the porous GNR is expected to exhibit stronger quantum 
confinement effects compared to the non-porous GNR case due to the presence of the pores 
reducing the effective surface area for the electrons to flow. We can see the quantum 
confinement effects in the simulations between the porous and non-porous GNRs with the 
simulated bandgap values. The differences between the porous and non-porous GNR 
bandgap values predicted by DFT and GW approximation are 0.755 eV and 1.56 eV, 
respectively.  
We are further able to elucidate these quantum confinement effects with DFT 
simulations by varying the number of pores in the simulated GNR. DFT calculations were 
computed for an infinite GNR with the number of pores ranging from zero to six pores. 
Figure 5.4 shows the GNR simulated structure with the periodic boundary conditions 
outlined by the black box on the GNR. The single pore case is achieved in the simulation 
using two half pores at the edges of the simulated boundary conditions. The bandgap values 
are included in the right column of the table. Bandgap versus number of pores is plotted on 
the right of Figure 5.4 and fitted with a second order polynomial function. We see that 
increasing the number of pores does in fact significantly increase the simulated bandgap 
values. 
In conclusion, quantum confinement effects due to the presence of the pores in the 
porous GNR result in an increased bandgap observed in the experimental measurements in 
chapter 4. DFT simulations verify the quantum confinement effects by comparing porous 
and non-porous infinite GNRs simulated using DFT and GW approximation. Furthermore, 
DFT simulations demonstrate that increasing the number of pores in a simulated infinite 




5.3 Explanations Part 2: Protrusions at Pore Sites 
The phenomenon as to why the pores appear as protrusions with the on/off reversible 
and reproducible nature is due to the structure of the pores and the fact that the porous GNR 
is observed on hydrogen terminated silicon substrates H:Si(100). Figure 5.5 is the 
schematic of the porous GNR with the carbon atoms denoted in black and the hydrogen 
atoms terminating the inside of the pores as red. The C–C bond length is 1.42 Å and the 
C–H bond length is 1.0 Å. The expected pore diameter is 3 Å and is highlighted by the 
yellow circle. The pore diameter is due to the removal of a benzene ring in the GNR lattice 
and the fact that the C–H bonds replacing the C–C bonds are shorter. 
 
Force interactions to consider: 
 
There are four force interactions that need to be discussed when examining the 
protrusions at the pore sites in the topographic STM images. These are as follows: 
 
1. The van der Waals interaction between the H:Si(100) substrate and the porous GNR 
2. The steric or electron repulsive force between the hydrogens on the H:Si(100) 
substrate and the hydrogens terminating the inside of the pores 
3. The steric repulsive force between each of the six hydrogens terminating the inside 
of the pores 






Figure 5.6 is the side-view schematic illustration for the porous GNR on the H:Si(100) 
substrate. The hydrogen atoms terminating the H:Si(100) substrate and in the GNR pores 
are the red dots. The bulk GNR is represented by the blue line with some carbon atoms in 
this cross-section of the pores represented by the blue dots. The top layer of the H:Si(100) 
substrate is illustrated using the vertical gray line and the silicon atoms are the gray dots. 
The Si–H bonds in gray and the C–H bonds on the GNR are in blue. Red half-ellipses are 
used to draw the top layer of the H:Si(100) silicon dimer rows that are observed in the 
experimental STM topographic images. 
In Figure 5.7, d1 is the distance at which the van der Waals forces between the 
H:Si(100) substrate and GNR are neutral. The steric repulsive forces between the 
hydrogens terminating the inside edge of the pores are shown as Frep1. The steric repulsive 
forces between the hydrogens terminating the H:Si(100) substrate and the hydrogens 
terminating the inside edge of the pores are shown as Frep2.  
The C–C bonds in the GNR lattice are sp2 hybridized. The C–C bonds at the pore sites 
are replaced with C–H bonds due to the absence of the benzene ring and the hydrogen edge 
termination inside the pore. The C–H bonds are also sp2 hybridized. The porous GNR bulk 
height is 2.5 Å above the H:Si(100) substrate. Here, height is equivalent to separation 
distance between the hydrogens on the top of the H:Si(100) substrate and the carbon atoms 
comprising the bulk GNR. In addition, the hydrogens terminating the inside of the pores 
all interact at with the nearest hydrogen neighbors as well as the hydrogens across the pore 
diameter due to the small expected pore diameter of 3 Å. 
The proximal distance between the GNR and substrate is enough such that steric 




the inside of the pores is strong enough to push the pore hydrogens out-of-plane from the 
pore sites. The pore hydrogens prefer the out-of-plane area of repulsion rather than 
attraction to the H:Si(100) surface due simply to the fact there is less atomic crowding 
above the porous GNR where there is only empty vacuum compared to under the GNR 
where the atoms contend for space with the atoms of the H:Si(100) surface. 
Electronegativity effects of Si–H and C–H bonds are expected to have less of an effect 
compared to the steric forces and the force interaction between the GNR and STM tip. 
When the tungsten tip (W tip) is brought within tunneling range of the porous GNR, 
there exists distance 𝑧𝑧𝑚𝑚 at which the internuclear force between the tip apex and top-most 
atom on the sample is zero. Figure 5.8 is the schematic for the STM scanning case with 
applied bias voltage of – 2.0 V and tunneling current held constant at 0.1 nA. The distance 
𝑧𝑧 between the tip and GNR when the applied bias voltage is – 2.0 V with respect to the 
sample is such that there is no repulsive force between the tip and GNR. It is therefore 
greater than or equal to the equilibrium distance 𝑧𝑧 > 𝑧𝑧𝑚𝑚. 
Decreasing the absolute value of the applied bias voltage from – 2.0 V to – 1.5 V 
decreases the separation distance between the GNR and STM tip apex due to the necessity 
of maintaining constant tunneling current at the two different applied bias voltages (Figure 
5.9). In the case of – 1.5 V, if the GNR were not to move, then the separation distance 
between the tip and GNR would be less than the distance for the – 2.0 V case. However, it 
is observed that there is a strong repulsion between the tip and GNR resulting in the semi-
transparency of the underlying silicon dimer rows at – 1.5 V. Therefore, the new distance 
𝑧𝑧′ for the – 1.5 V case is approximately equal to the separation distance of the tip and GNR 




bias voltages with respect to the sample within the range of – 2.0 to – 1.5 V. The repulsive 
force pushes the porous GNR physically closer to the H:Si(100) substrate. Physically 
pushing the GNR closer to the H:Si(100) surface is possible because the van der Waals 
forces holding the GNR to the surface have a certain level of “pliability”. The repulsion 
between the STM tip and GNR is strong enough that the steric forces between the six 
hydrogens inside the pores and the steric forces between the hydrogens on the substrate 
and inside the GNR pores are overcome. The hydrogens in the pores are pushed downward 
toward the surface and the protrusions become invisible at the pore sites. 
Changing the applied bias voltage back to – 2.0 V retracts the STM tip away from the 
porous GNR, reducing the force between the STM tip and GNR and the protrusions at the 
pore sites (Figure 5.10). This is referred to the “reversibility” of turning the protrusions on 
and off. The “reproducibility” refers to the fact that this phenomenon is observed 
consistently for different GNRs.  
Increasing the absolute value of the applied bias voltage from – 2.0 V to – 2.3 V 
increases the distance between the STM tip and the GNR and hydrogens terminating the 
inside of the pores in order to maintain constant tunneling current, i.e. 𝑧𝑧′ > 𝑧𝑧 ≥  𝑧𝑧𝑚𝑚. When 
the tip-GNR distance is greater than the equilibrium distance, 𝑧𝑧 > 𝑧𝑧𝑚𝑚, then there is a very 
slight attractive force rather than a repulsive force. Therefore, we expect to see very little 
change in the appearance of the protrusions at the pore sites in the STM topographic 
images. This is illustrated with the schematic in Figure 5.11. Further increasing the absolute 
value of the applied bias voltage to – 2.5 V is expected to also not change the appearance 




Figure 5.13 shows the agreement between repulsive force explanations above and the 
experimental STM topographic data. Figure 5.12a is the porous GNR at – 2.0 V and 
tunneling current of 0.1 nA. Figure 5.13b shows evidence for the strong repulsive force 
between the STM tip and GNR. The result is the observed semi-transparency effect of the 
underlying H:Si(100) dimer rows through the bulk GNR and the fact that the protrusions 
are no longer visible at the pore sites. Figure 5.13c is the height profiles calculated along 
the white lines (from left to right) in the STM topographic images. Changing the applied 
bias voltage back to – 2.0 V (Figure 5.13d) restores the protrusions at the pore sites. The 
height stays relatively constant for applied bias voltages of – 2.3 V (Figure 5.13e) and – 2.5 
V (Figure 5.13f). The height profiles are plotted in Figure 5.13g. The difference in 
brightness between Figure 5.13a and Figure 5.13b compared to Figures 5.13d–f is due to 
the color contrast chosen for the images. The height profiles offer a numerical comparison 
between the different applied bias voltage cases.  
Reducing the tunneling current from 0.1 nA to 10 pA at applied bias voltage of – 2.0 
V results in the STM tip retracting away from the GNR (i.e. 𝑧𝑧′ > 𝑧𝑧) and is illustrated with 
the schematic in Figure 5.14. Reducing the tunneling current by an order of magnitude 
retracts the tip away from the surface by approximately 0.1 nm. See section 2.5 for the 
calculation. At an applied bias voltage of – 2.0 V and tunneling current of 10 pA the 
separation distance between the STM tip and GNR is greater than the case of applied bias 
voltage of – 2.0 V and tunneling current of 0.1 nA, i.e. 𝑧𝑧′ > 𝑧𝑧 ≥  𝑧𝑧𝑚𝑚. Therefore, the 
protrusions at the pore sites are not expected to change appearance in the STM topographic 
image. However, reducing the absolute value of the applied bias voltage from – 2.0 V to 




The expectation is then that the hydrogens terminating the pores will flip down toward the 
surface and a semi-transparency effect will once again be observed (Figure 5.15). This is 
confirmed with STM topographic data in Figure 5.16. Figure 5.16a is the STM topographic 
image of a porous GNR at applied bias voltage of – 2.0 V and tunneling current 10 pA. 
Figure 5.16b is the STM topographic image at applied bias voltage of – 1.5 V and tunneling 
current of 10 pA. The height profiles in Figure 5.16c and Figure 5.16d show that the 
protrusions at the pore sites are once again reduced with reduced applied bias voltage. 
Another important feature of the GNR pore is the lower bond conjugation in the C–H 
bond compared to the C–C bond comprising the bulk GNR material. The torsional effects 
of the hydrogens turning in- and out-of-plane are possible due to the lower bond 
conjugation at the pore sites. It is noted that C–H bond length is approximately 1.0 Å while 
the pore height is measured as 3.0 Å relative to the surrounding bulk GNR material. Recall 
that the STM measures LDOS rather than atomic positions. The hydrogens terminating the 
inside edge of the pores are all interacting with each other; therefore, we expect the LDOS 
to convolute between the six hydrogens. We see this effect in the amplified LDOS at the 
pore sites that results in the electronic protrusion height of 3.0 Å. When the hydrogens flip 
under the GNR due to the increased tip-GNR repulsion interaction at lower absolute values 
of applied bias voltage, the hydrogen LDOS are no longer convoluting such that the STM 
no longer measures an amplified LDOS at the pore sites. 
In conclusion, the protrusions at the pore sites are due to steric or electron repulsive 
forces between the hydrogens on the top surface of the H:Si(100) substrate and the 
hydrogens terminating the inside edge of the pores as well as the repulsive forces between 




the protrusions at the pore sites is due to repulsive forces between the STM tip and GNR. 
The applied bias voltage is proportional to the distance between the STM tip and GNR. 
Decreasing the absolute value of the applied bias voltage increases the repulsion between 
the STM tip and GNR resulting in the protrusions becoming invisible at the pore sites and 
a strong semi-transparency effect of the underlying H:Si(100) substrate.  
 
5.4 Questions and Answers 
This section provides explanations for other questions that have come up during 
discussions on the subtle nature of the pores and the increased bandgap due to the presence 
of the pores.  
 
Question 1: What is the expected pore size compared to the measured size of the 
H:Si(100) dimer rows? 
 
Figure 5.5 is the schematic of the porous GNR in which the expected pore diameter is 
shown to be 3.0 Å. A pore is where a benzene ring has been removed and the carbon atoms 
are hydrogen terminated. We will consider the pore size as the area in the GNR where there 
are no hydrogen atoms, carbon atoms or bonds. The C–H bond length is  0.1 nm. The 
removal of a benzene ring would create a pore with diameter of 2.8 Å. Since the C–C bonds 
terminating the edge of the pore are replaced with C – H bonds, the pore diameter will be 
a little bigger than a missing benzene ring with an expected pore diameter of 3.0 Å. 






Question 2: In Figure 5.17, is the grid-like pattern on the GNR bulk material in the 
bottom left corner the carbon lattice? 
 
In Figure 5.17, the bottom left corner of the porous GNR on H:Si(100) appears to show 
the carbon-lattice of the GNR. This region of interest is outlined by the orange box. Figure 
5.18 is a blow-up of this region. The dimensions of the H:Si(100) dimer rows are measured 
and displayed. The width of the individual dimer row pairs is found to be the expected 
value of 0.38 nm. The width of the entire dimer row is found to be the expected value of 
0.77 nm. Figure 5.18 shows that the STM tip here has a minimum lateral resolution of 0.38 
nm.  
The dimensions of the lattice-like pattern on the GNR are then measured. Figure 5.19 
shows that the width of many of the gridlines on the GNR is 0.46 nm. Two darker regions 
on the GNR show a length of 0.77 nm as shown in Figure 5.20. The C–C bond lengths in 
the GNR carbon-lattice are 0.14 nm. The diameter of a benzene ring is 0.28 nm. Therefore, 
the grid-like pattern has dimensions that are greater than the expected values for the carbon-
lattice of the GNR. 
 
Question 3: Why do the diameter of the protrusions at the pore sites have a greater 
value than the expected 3.0 Å? 
 
Figure 5.21 clearly shows bright protrusions at the pore sites. The pore diameters are 




5.21 where the pore labeled has a diameter of 1.5 nm. The average pore diameter is almost 
five times greater than the expected pore size. 
Schematic illustrations are used to compare the expected pore size and the measured 
pore size. Figure 5.22 is the schematic of the expected pore size diameters highlighted with 
the yellow circles. Figure 5.23 is the schematic of the measured pore size highlighted by 
the large yellow circle overlaid on the expected pore size. The comparison shows the 
significant difference between the expected and measured pore diameters. Figure 5.24 does 
confirm, however, that the pores have measured periodicity of 1.7 nm in exact agreement 
with the expected value. 
The explanation the pore diameters are much greater than the expected value relies on 
the fact that the STM topographic image is a contour image of the local density of states 
(LDOS) and not of atomic positions. When the STM goes over the pore sites the finite 
width of the tunneling column will pick up contributions from the high LDOS at the pore 
sites before being positioned exactly over the pore site. The lateral extension of the LDOS 
at the pore sites results in a broadening effect of the pore diameter. In addition, there is a 
tip convolution effect that broadens the apparent pore size. 
 
Question 4: Why is the measured porous GNR width greater than the expected width 
value? 
 
Figure 5.25 shows the measured width of the porous GNR as 2.7 nm when the applied 




width of 1.72 nm. When the same GNR is measured with applied bias voltage of – 1.5 V, 
the width is 2.4 nm as seen in Figure 5.26. 
This gives rise to the following observation: when the pores appear as bright 
protrusions, the apparent width is increased. Recall that the STM measures the local density 
of states and not the true atomic positions of the observed GNR. The tunneling column 
from the W tip also has a finite width. When scanning over the GNR edge, this finite width 
of the tip tunneling column results in an increased apparent width of the GNR since the tip 
picks up the tunneling current contributions from the GNR when it is actually over the 
H:Si(100) substrate.  
We can therefore attribute the larger width measurement in Figure 5.25 measured at 
– 2.0 V to a combination of the lateral extension of the local density of states and the tip-
GNR convolution effects from measurements in the same direction as the scanning. This 
was observed by Dr. Radocea for the chevron GNRs and the extended GNRs presented in 
his doctoral dissertation [4]. 
As a general note, protrusions are easier to observe in an STM topographic image 
measurement since there is no vertical resolution limit. The apparent width of a protrusion 
is convolved with the width of the tip. Deconvolution of the tip shape from the measured 
GNR width and GNR height would therefore be expected to give a more accurate measure 
of the GNR width and height. 
 
Question 5: Semi-transparency is used to described the qualitative observation of the 
visibility of the dimer rows of the underlying H:Si(100) substrate through the porous GNR 





Figure 5.28 shows a porous GNR on H:Si(100) with applied bias voltage of – 1.5 V 
and tunneling current of 0.1 nA. Strong semi-transparency of the underlying dimer rows of 
the H:Si(100) substrate is observed and quantified by taking a height profile on the GNR 
and comparing it to the height profile taken on the H:Si(100) substrate. The black curve is 
the height profile taken along line 1 in the STM topographic image from bottom to top on 
the GNR. The red curve is the height profile taken on the H:Si(100) substrate along line 2 
in the STM topographic image from bottom to top. The undulations on the porous GNR 
seen in the black curve are in agreement with the undulations of the dimer rows in the red 
curve.  
 
Question 6: Why don’t we expect the porous GNR height above the H:Si(100) 
substrate to be the diameter of the carbon atoms comprising the bulk material of the GNR? 
 
The bulk porous GNR has measured height of 2.5 Å relative to the H:Si(100) substrate. 
The atomic radius of a carbon atom is 0.7 Å. The bulk porous GNR height is not expected 
to be the atomic radius of carbon because the definition of atomic radius is the distance at 
which the carbon atom covalently bonds to another atom. The porous GNRs are held to the 
H:Si(100) substrate, not covalently bonded. The expected height of the bulk porous GNR 
is closer to the interlayer spacing of graphite of 3.3 Å because these layers are held together 
by van der Waals forces. Furthermore, the porous GNR height is expected to be slightly 
less than the interlayer spacing of graphite because the van der Waals interactions for the 




atoms terminating the top layer of the H:Si(100) substrate rather than between other carbon 
atoms as is the case for graphite. 
 
Question 7: The H:Si(100) substrate is held vertically on the sample holder in the STM 
chamber. Why don’t we expect the GNRs to slide off the substrate? 
 
The porous GNRs are held by van der Waals attractions to the H:Si(100) substrate. 
Gravity is usually thought of by the classical mechanical definition defined by Newton’s 
law of universal gravitation in which gravity is thought of as a force [5]. Einstein’s 
definition of gravity in his general theory of relativity is the result of spacetime curvature 
and applies to bodies on the macroscopic scale [6]. The macroscopic scale is defined as the 
length scale for which an observation is visible with the naked eye [7]. 
On the quantum level, with which this dissertation is concerned, gravity is significantly 
weaker than the other three fundamental interactions of physics (the strong interaction, the 
weak interaction and the electromagnetic force) [8]. Theories of quantum gravity are 
currently being investigated in which the effects of gravity on the quantum level are not 
ignored, however, even with this quantum level theory, the idea of gravity causing the 
GNRs to slide off of the H:Si(100) substrate is not correct because it is still applying a 
classical mechanical definition and phenomena to the quantum level. 
 
Question 8: Why are the protrusions at the pore sites not due to a contaminant atom 





If the protrusions at the pore sites were due to contaminant atoms, then decreasing the 
absolute value of the applied bias voltage from – 2.0 V to – 1.5 V would not change the 
appearance of the protrusions. Furthermore, it is significantly unlikely that all of the porous 
GNRs have the exact same contaminant in all of the pores. 
 
Question 9: Why does the GNR height decrease when the absolute value of the applied 
bias voltage is decreased (Figure 3.19)? 
 
In section 3.3, Figure 3.19 is presented in which the height of the GNR is measured for 
different applied bias voltages. It is observed that decreasing the absolute value of the 
applied bias voltage decreases the measured GNR height. At – 2.0 V, the GNR height is 
0.34 nm relative to the H:Si(100) substrate as seen in Figures 3.19a–b. Decreasing the 
absolute value of the applied bias voltage to – 1.5 V decreases the GNR height to 0.31 nm  
as seen in  Figures 3.19c–d. The height decreases to 0.30 nm for applied bias voltage of 
– 1.3 V as seen in Figures 3.19e–f. The greatest decrease in GNR height occurs for applied 
bias voltage of – 1.1 V as seen in Figures 3.19g–h. 
The decrease in GNR height is due to the force interaction that occurs between the 
GNR and STM tip. It is the same effect observed for the protrusions turning on and off for 
different applied biases. However, Figure 3.19 examines the bulk GNR material and shows 
that the STM tip needs to be closer to the GNR to reduce the GNR height than was the case 





Question 10: When the GNR pore is unrolled, it is seen that the inside edge is 
“ArmZag”. Do the zigzag parts of this edge contribute to the amplified LDOS at the pore 
sites? 
 
Figure 5.29 is the schematic of a pore site and the unrolled edge of the GNR pore. The 
edge has a unique pattern, defined here as “ArmZag” due to its alternation between an 
armchair edge and zigzag edge. Ritter et al. demonstrated the effects of zigzag edges on 
edge states for exfoliated graphene on H:Si(100) [9]. However, the effects were only 
observed for zigzag edges of length of at least a few nanometers. The ArmZag edge 
termination of the pore edge does not have zigzag segments long enough to exhibit the 
zigzag edge states and therefore is not expected to contribute to the amplified LDOS at the 
pore sites. 
 
Question 11: Why is the measured density of states (DOS) spectra bright in the 
conduction and valence bands of the GNR high whereas the DOS of the H:Si(100) is only 
high in the conduction band? 
 
Figure 4.7a shows the STM topographic image of the porous GNR with the 
corresponding DOS spectra map in Figure 4.7b. High levels of DOS are colored using 
white as shown with the scale bar on the right. A very bright region appears in the GNR 
valence band as white. This is due to saturation in the valence band measurement as seen 
in Figure 4.9 and Figure 4.10 as the flat horizontal region of the red and blue curves for 




– 1.2 V in Figure 4.9 and – 1.0 V in Figure 4.10. The saturation in the DOS measurement 
does not affect the bandgap measurement values for the bulk GNR or the GNR pore site. 
 
Question 12: What is the difference between the experimental CITS measurements in 
section 4.4 and the simulations in section 4.5? 
 
Now we will compare the experimental CITS and CITS simulations. The goal of a 
CITS measurement is to observe the subtle electronic features of the GNR at different 
applied bias voltages and compare these measurements to the simulations for the states 1–
8 in Figure 4.22. However, there are two main differences between the measured GNR and 
the simulated GNR.  
1. The measurement is for a finite porous GNR on a hydrogen terminated silicon 
substrate H:Si(100). The simulations are for an infinite porous GNR that is not on 
a substrate. 
2. The simulations do not include the GNR and STM tip interactions. 
These are essential points. As discussed in this chapter, the silicon substrate affects why 
the pore sites have protrusions: repulsion between the substrate and the hydrogens 
terminating the inside edge of the GNR pore. The simulations do not capture the 
observance of protrusions at the pore sites. 
Secondly, the lateral extension of the local density of states and the tip convolution 
effect broadens the apparent size of the pore size. The result is that in the CITS 
experimental measurements, the protrusions at the pore sites wash out any measurements 




Future experiments can address these differences. CITS measurements of the porous 
GNR on a Au(111) substrate, for example, are not expected to show protrusions at the pore 
sites. This is because the hydrogens terminating the inside edge of the pore sites are not 
interacting with hydrogens terminating the top layer of the substrate. If the protrusions are 
not washing out the subtle electronic features of the porous GNR in the measurement, then 
the simulations would be more comparable. 
 
Question 13: Why would we not expect to see the same type of protrusions for these 
porous GNRs at the pore sites if the STM measurements were taken on a Au(111) substrate 
compared to the H:Si(100) substrate used in these experiments? 
 
The protrusions at the pore sites in these STM measurements are due to the hydrogens 
terminating the inside edge of the pore sites interacting with the hydrogens on the top layer 
of the H:Si(100) substrate. Since Au(111) substrates are not terminated with hydrogens on 
the top layer, it is expected that the pore sites would not appear as protrusions in the STM 
topographic images.  
 
Question 14: Is it expected to see the same bias voltage effect for positive biases such 
as + 2.0 V and + 1.5 V?  
 
Changing the sign of the applied bias voltage from negative to positive for the STM 
topographic measurements changes the direction of tunneling electrons. It is therefore 




voltage does not change the interaction forces between the GNR and hydrogen terminated 
top layer of the H:Si(100) substrate nor does it change the interaction forces between the 
GNR and STM tip. 
In Figure 4.1 we can see undulations from the dimer rows on the top layer of the 
H:Si(100) substrate at +2.0 V. This may indicate a semi-transparency of the underlying 
silicon dimer rows through the GNR at applied bias voltage of +2.0 V. Therefore, it may 
be necessary to increase the range of voltages at which measurements are taken at in the 















Figure 5.1: STM and STS measurements presented in chapter 2. An increased bandgap at the 








Figure 5.2: Band structure calculated using DFT (blue curve and GW (red curve) for an infinite 
porous GNR. A black rectangle outlines the unit cell used for the calculations. Periodic boundary 
conditions were used. DFT calculates a bandgap value of 1.325 eV and GW calculates a bandgap 







Figure 5.3: Band structure calculated using DFT (blue curve) and GW approximation (red 
curve) for an infinite flat armchair GNR with no pores and width of 15 carbon atoms. This armchair 
GNR is equivalent in structure to the porous GNR prior to making the pores. A black rectangle 
outlines the unit cell used for the calculations. Periodic boundary conditions were used. DFT 
calculates a bandgap value of 0.57 eV and GW calculates a bandgap value of 1.33 eV. These values 
are significantly lower than the computed bandgap values for the porous GNR in Figure 5.2 (DFT: 














Figure 5.4: DFT calculations of the bandgap for porous GNRs with the number of pores 
increasing from 0 to 6 (table on left). The 0 pore GNR case is equivalent to a straight armchair 
GNR with width of 15 carbon atoms (15-AGNR). The GNR bandgap increases with increasing 
number of pores. The calculated bandgap values are plotted in blue in the figure on the right. These 
data are fitted to an order 2 polynomial curve plotted as the red dashed curve. [Calculated by Amir 










Figure 5.5: Schematic of the porous GNR with carbon atoms in black and hydrogen atoms in 
the pore as red. The C–C bond length in the GNR lattice structure is 1.42 Å and the C–H bond 









Figure 5.6: Schematic side-view of porous GNR on H:Si(100) substrate. Here we see the 
porous GNR in the equilibrium position with the hydrogens terminating the inside edge of the 
pores protruding out-of-plane compared to the bulk GNR. The top layer of silicon atoms is shown 
in gray. Si–H bonds are the gray lines connecting to the hydrogen atoms in red. Red half-ellipses 
are used to show the dimer rows observed in the STM topographic images. The approximate van 
der Waals spacing between the GNR and H:Si(100) is shown. The carbon atoms in the pores are 
the blue dots and the side view of the bulk GNR is the blue lines. The hydrogens protruding out of 








Figure 5.7: Schematic side-view of porous GNR on H:Si(100) substrate. The van der Waals 
neutral force distance between GNR bulk material and the H:Si(100) is d1. The steric repulsive 
force between the six hydrogens terminating the inside edge of the pore with each other is labelled 
Frep1. The steric repulsive force between the six hydrogens terminating the inside edge of the pore 
with the hydrogens terminating the top of the H:Si(100) surface is labelled Frep2. The non-polar 
Si–H and C–H bonds are labelled. (Silicon atoms: gray dots; hydrogen atoms: red dots; carbon 








Figure 5.8: Schematic side-view of porous GNR on H:Si(100) substrate. The tungsten W tip is 
brought within tunneling range at applied bias voltage of – 2.0 V with respect to the sample and 
tunneling current of 0.1 nA. With these conditions, the W tip is at distance 𝑧𝑧𝑚𝑚 such that the 
repulsive force between the STM tip and GNR is at equilibrium, enabling the steric forces to 
protrude the hydrogens terminating the inside edge of the pores to protrude out-of-plane. (Silicon 
atoms: gray dots; hydrogen atoms: red dots; carbon atoms: blue dots; Si – H bonds: short gray 






Figure 5.9: Schematic side-view of porous GNR on H:Si(100) substrate. Reducing the absolute 
value of the applied bias voltage from – 2.0 V to – 1.5 V brings the STM tip closer to the GNR 
(separation distance 𝑧𝑧 < 𝑧𝑧𝑚𝑚) in order to maintain constant tunneling current of 0.1 nA. The 
repulsive force between the STM tip and GNR is strong enough at applied bias voltage of – 1.5 V 
to result in the GNR being pushed closer to the surface (observed as the semi-transparency effect) 
and for hydrogen atoms terminating the inside edge of the pores to flip downward, away from the 
STM tip. At an applied bias voltage of – 1.5 V and tunneling current of 0.1 nA, the protrusions at 
the pore sites are no longer visible in the STM topographic image. (Silicon atoms: gray dots; 
hydrogen atoms: red dots; carbon atoms: blue dots; Si – H bonds: short gray lines; C – H bonds: 










Figure 5.10: Schematic side-view of porous GNR on H:Si(100) substrate. Changing the applied 
bias voltage from – 2.0 V back to – 1.5 V reestablishes equilibrium distance 𝑧𝑧𝑚𝑚 and the steric forces 
protruding the hydrogens in the pores out-of-plane. This is the “reversibility” of the observed 
phenomenon in the STM topographic images. (Silicon atoms: gray dots; hydrogen atoms: red dots; 
carbon atoms: blue dots; Si – H bonds: short gray lines; C–H bonds: short blue lines; W tip at – 2.0 










Figure 5.11: Schematic side-view of porous GNR on H:Si(100) substrate. Increasing the 
absolute value of the applied bias voltage from – 2.0 V to – 2.3 V brings the STM tip away from 
the GNR (separation distance 𝑧𝑧 > 𝑧𝑧𝑚𝑚) in order to maintain constant tunneling current of 0.1 nA. 
We therefore expect to see no change in the protrusions at the pore sites in the STM topographic 
images. (Silicon atoms: gray dots; hydrogen atoms: red dots; carbon atoms: blue dots; Si–H bonds: 
short gray lines; C–H bonds: short blue lines; W tip at – 2.0 V: dotted-yellow half-ellipse; W tip 







Figure 5.12: Schematic side-view of porous GNR on H:Si(100) substrate. Increasing the 
absolute value of the applied bias voltage from – 2.0 V to – 2.5 V brings the STM tip away from 
the GNR (separation distance 𝑧𝑧 > 𝑧𝑧𝑚𝑚) in order to maintain constant tunneling current of 0.1 nA. 
We therefore expect to see no change in the protrusions at the pore sites in the STM topographic 
images. (Silicon atoms: gray dots; hydrogen atoms: red dots; carbon atoms: blue dots; Si–H bonds: 
short gray lines; C–H bonds: short blue lines; W tip at – 2.0 V and – 2.3 V: dotted-yellow half-









Figure 5.13: (a) STM image of porous GNR (U = – 2.0 V, I = 0.1 nA, T = RT). (b) Reducing 
the absolute value of the applied bias voltage results in semi-transparency of the underlying silicon 
dimer rows from the H:Si(100) substrate and the protrusions at the pore sites to disappear. This is 
due to strong repulsive forces between the STM tip and GNR. (c) Height profile along white lines 
in (a) and (b) calculated from left to right. (d) Changing the applied bias voltage back to – 2.0 V 
shows a reversibility of the protrusions turning on/off. Further increasing the absolute value of the 
applied bias voltage to (e) – 2.3 V and (f) – 2.5 V does not change the protrusions at the pore sites. 
(f) This is observed in the comparison of the height profiles calculated along the white lines in the 








Figure 5.14: Schematic side-view of porous GNR on H:Si(100) substrate. Decreasing the 
tunneling current from 0.1 nA to 10 pA while maintaining the applied bias voltage at – 2.0 V 
increases the separation distance between the STM tip and GNR 𝑧𝑧 > 𝑧𝑧𝑚𝑚. We therefore expect to 
see no change in the protrusions at the pore sites in the STM topographic images. (Silicon atoms: 
gray dots; hydrogen atoms: red dots; carbon atoms: blue dots; Si – H bonds: short gray lines; C–







Figure 5.15: Schematic side-view of porous GNR on H:Si(100) substrate. Reducing the 
absolute value of the applied bias voltage from – 2.0 V to – 1.5 V brings the STM tip closer to the 
GNR (separation distance 𝑧𝑧 < 𝑧𝑧𝑚𝑚) in order to maintain constant tunneling current of 10 pA. The 
repulsive force between the STM tip and GNR is strong enough at applied bias voltage of – 1.5 V 
to result in the GNR being pushed closer to the surface (observed as the semi-transparency effect) 
and for hydrogen atoms terminating the inside edge of the pores to flip downward, away from the 
STM tip. At applied bias voltage of – 1.5 V and tunneling current of 10 pA, the protrusions at the 
pore sites are no longer visible in the STM topographic image. (Silicon atoms: gray dots; hydrogen 
atoms: red dots; carbon atoms: blue dots; Si – H bonds: short gray lines; C – H bonds: short blue 
lines; W tip at – 2.0 V and 10 pA: solid-yellow half-ellipse; W tip at – 2.0 V and 0.1 nA: dotted-











Figure 5.16: (a) Changing the tunneling current to 10 pA while maintaining the applied bias 
voltage at – 2.0 V does not change the protrusive nature of the pore sites as observed in the STM 
topographic image. This is due to the tip retracting away from the GNR. (b) Reducing the absolute 
value of the applied bias voltage to – 1.5 V at tunneling current 10 pA results in semi-transparency 
of the underlying silicon dimer rows from the H:Si(100) substrate and the protrusions at the pore 
sites to disappear. This is due to strong repulsive forces between the STM tip and GNR. (c) Height 
profile along white line in (a) calculated from left to right. (d) Height profile along white line in 










Figure 5.17: STM topographic image of a porous GNR on H:Si(100) substrate with applied 
bias voltage of – 2.0 V and tunneling current of 0.1 nA. The orange box is used to outline the 
region of interest used in the discussion as to whether the observed grid-like pattern is the carbon 








Figure 5.18: Zoomed in region of the orange box in Figure 5.17 of the STM topographic image 
at applied bias voltage of – 2.0 V and tunneling current of 0.1 nA. The width of the dimer row pair 
is measured as 0.38 nm and the width of the dimer row column is measured as 0.77 nm. Both of 















Figure 5.20: Two larger regions of the grid-like pattern are measured as 0.77 nm and labeled 







Figure 5.21: The average diameter of the protrusions at the pore sites is 1.4 nm. In this figure, 









Figure 5.22: Schematic of expected pore size of 3.0 Å highlighted by the yellow circles and 







Figure 5.23: Schematic of measured average protrusion diameter of 1.4 nm compared to the 






Figure 5.24: STM topographic image with measured pore period as 1.7 nm in exact agreement 











Figure 5.25: STM topographic image with measured GNR width of 2.7 nm. The measured 
width is greater than expected value of 1.72 nm. The applied bias voltage is – 2.0 V and tunneling 










Figure 5.26:  STM topographic image with measured GNR width of 2.7 nm. The measured 
width is greater than expected value of 1.72 nm. The applied bias voltage is – 1.5 V and tunneling 






















Figure 5.27: Semi-transparency demonstrated to show the undulations of the dimer rows of the 
underlying H:Si(100) substrate with plotted height profiles. Line 1 is the height profile measured 
on the porous GNR and plotted as the black line in the height profile. Line 2 is the height profile 
of the dimer rows on the H:Si(100) substrate and plotted as the red line. The STM topographic was 




Figure 5.28: (a) Schematic of pore site. (b) GNR pore site in mid-process of being unrolled. 
(c) Unrolled pore to show “ArmZag” edge termination inside of the pores. ArmZag is defined here 
as the alternation between armchair and zigzag edge terminations. This illustration is used to 
clarify why the zigzag portions terminating the inside of the GNR pore site do not contribute to 
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In conclusion, atomically precise porous GNRs are dry contact transferred to clean 
H:Si(100) substrates and investigated using ultra-high vacuum STM and STS. STM 
topographic images indicate protrusions at the pore sites that have an apparent height of 
5.5 Å relative to the H:Si(100) surface compared to the GNR bulk material height of 2.5 
Å. STS measurements indicate an average bandgap of 1.62 ±  0.11 eV for the bulk GNR 
material and of 2.50 ± 0.02 at the pore sites. The protrusions at the pore sites are observed 
to turn on/off with reversibility and reproducibility depending on the applied bias voltage 
in the STM topographic data collection. These results are compared to first-principles DFT 
simulations in which the presence of the pores is predicted to increase the bandgap value.  
Chapter 1 provides motivation for studying GNRs. The difference between top-down 
and bottom-up synthesis of GNRs is discussed along with various ways in which GNR 
engineering enables engineering of the electronic properties. Dry contact transfer is 
described which is an essential method for studying the porous GNRs on H:Si(100) 
substrates. 
Chapter 2 provides details of the experimental setup. A discussion on the physics of 
the STM operational principles and a discussion of orbitals is included. Understanding the 




connections to be made when describing the physical phenomena of the porous GNR on 
H:Si(100) substrates. 
Chapter 3 is the STM characterization of the porous GNRs on the H:Si(100) substrate. 
The protrusions at the pore sites in the STM topographic images are observed and the on/off 
behavior of the protrusions, depending on the applied bias voltage, is also observed. A 
summary of the questions raised is included in section 3.4. 
Chapter 4 is the STS characterization of the porous GNRs on the H:Si(100) substrate. 
An increased bandgap at the pore sites is observed. A summary of the questions raised is 
included in section 4.6. 
Chapter 5 provides explanations for the protrusions at the pore sites, the reversible and 
reproducible on/off behavior of these protrusions, semi-transparency, and for the increased 
bandgap. The increased bandgap is due to quantum confinement effects and is confirmed 
with first-principles density functional theory (DFT) calculations. The protrusions at the 
pore sites are due to steric repulsion between the hydrogens on the H:Si(100) surface and 
the hydrogens terminating the inside edge of the pores, steric repulsion between the six 
hydrogens terminating the inside edge of the pores, and a convolution of the LDOS of the 
six hydrogens. The result is an amplified LDOS at the pore sites that can be turned on/off 
due to the repulsive forces between the STM tip and GNR that is held on the H:Si(100) 
surface by van der Waals forces. The van der Waals force between the GNR and H:Si(100) 
substrate provides the necessary pliability for the observed semi-transparency effect and 






6.2 Future Work 
The combination of the two phenomena observed provides unique opportunities for 
applications in nanodevices. Increased bandgap due to quantum confinement effects 
resulting from the presence of pores can be applied to GNR FET devices where the 
tunability of specific bandgap values is necessary. Future work would include varying the 
number of pores fabricated via wet-chemical synthesis or varying the position of the pores 
relative to the GNR body. This includes pores alternating on the edges, pores in a single 
line down the middle of the GNR, pores in a single line down one side of the GNR or 
varying the size of the pores.  
An interesting possibility would be to create a porous GNR heterostructure in which 
there are two or more different sizes of pores in the GNR. This would be controlled by 
using two or more precursor molecules in the wet-chemical synthesis step. The idea would 
be that there is a variable bandgap along the GNR due to the different quantum confinement 
effects that take place at different locations on the GNR. 
The unique on/off behavior of the protrusions at the pore sites can be applied to new 
nanotechnology devices. For example, fabricating a “nano-switch” using the unique 
electronic behavior at the pore sites would be an interesting application that the world has 
not seen before.  
